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和文要旨 
 
本論文は、分子性磁性体、特に単分子磁石（SMM）の開発に向けた研究成果について
述べたものである。筆者はランタノイド(希土類; Ln)−ラジカル化合物 (4f-2pヘテロスピ
ン系化合物) に着目し、分子性固体を形成する単核錯体を対象として研究を行った。本
研究の目的は次の通りである。 
 
(i) Ln−ラジカル間の磁気的性質と構造の相関を明らかにする。 
(ii) 本来弱いと考えられる4fスピンの関わる交換相互作用を増大させるような分子
を設計し、合成開発を実践する。 
(iii) 4f-2pヘテロスピン系単分子磁石の挙動を明らかにする。 
(iv) SMMにおける交換相互作用の役割等を検証する。 
 
 本論文は全10章から構成されている。第1章では、分子性磁性体の歴史およびSMM
について述べている。SMMは磁気ヒステリシスが分子１個に帰属されるという新しい
概念に基づく磁石である。そのため、高密度情報記録媒体や分子コンピューティングへ
の応用などが検討されており、近年注目を集めている材料群である。 
 第2章では本論文に関係する磁性の基礎的な理論やLnイオンの基礎知識について述
べている。Lnイオンはスピンを内殻4f軌道に有するために磁気的相互作用は一般に弱い。
そこへ強い相互作用を与えるために、本研究ではスピン局在性の高い有機ラジカルの直
接的配位を利用する手法を採用している。また、三価のガドリニウムイオン (Gd3+) は
磁気異方性が無いため、磁気的相互作用の調査に向いているが、磁気異方性の導入のた
めにはテルビウムイオン (Tb3+) などの利用が求められることなどが説明されている 
 第3章および第6章は、文献調査から構造磁性相関を抽出しその法則を導き出すこと、
またその法則の適用性を証明することが研究の理念として提示されている。比較的強い
反強磁性的あるいは強磁性的磁気結合 (カップリング) を示す化合物の開発には、相関
図を外挿して特徴的かつ極端な構造を有す有機ラジカルを合成手法によって創出する
ことが重要である。具体的には、Lnイオンと有機ラジカル間の共平面性がカップリング
を制御する鍵であると予想した。そこで、第3章では、Ln−ニトロキシド間で共平面性
の最も高いGd-6bpyNO錯体を合成し、実際にこれまでで最大の反強磁性的カップリン
グを得た。一方で、第6章では、立体反発を巧みに利用してLn−ラジカル間で平面から
大きく逸脱した構造を有するGd-phNO錯体を合成し、ここでも従前に知られていたい
ずれのものよりも強い強磁性的カップリングを得ることに成功した。 
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 第4章では、Gd-6bpyNO錯体に関して、65-Tの高磁場パルス磁化測定の結果につい
て述べている。本測定により、Ln-ニトロキシド間に働く最強の交換相互作用が認めら
れた (2J/kB = –17.4 K)。また、高周波EPR測定の結果と解析に基づき、異方的交換相互
作用のモデルから、Gd-6bpyNO錯体に見られた磁気ヒステリシスの発現機構を説明し
た。 
 第5章では、本来的に磁気異方性を有するLn3+イオン (Ln = Tb, Dy) に置き換えた
Ln-6bpyNO錯体 (Ln = Tb, Dy) に関して、SMMとしての性能を評価した。また、対応
するケトン錯体であるLn-6bpyCO錯体 (Ln = Tb, Dy) のSMM性能と比較することによ
り、配位子にあるスピンの役割と基底スピン量子数がSMM挙動に与える偶奇効果を調
査した。また、本章では4fスピンや2pスピンをマスクした同形化合物との磁性を比較す
ることでLnイオン (Ln = Tb, Dy) とラジカル間に反強磁性的カップリングが働くこと
を明らかにした。 
 第7章では、Tb-phNO錯体を例にとり、これがSMMとして挙動することが示された。
本研究では、第5章の成果を併せると、Ln-ラジカル間に強磁性的、反強磁性的いずれの
相互作用を導入した場合でもSMMの開発に成功した。また、対応するDy-phNO錯体は
SMM挙動が乏しいことから、配位子にあるラジカルスピンが、Kramersの定理に関連し
て偶奇効果を基調としてSMM挙動に影響を及ぼしている可能性が示唆された。 
 第8章では、嵩高い置換基を有する単座配位子による4f-2pヘテロスピン系化合物お
よび単核4f化合物の合成開発を目指した。嵩高い置換基として三級ブチル基やフェニル
基が適用された。このような置換基を有する化合物が配位子として機能することには意
外性が認められ、単純な組み合わせによる錯体ではあるが、ここで得た物質はすべて新
規であった。ケトン配位子を持つ錯化合物についてはフォトルミネッセンス性能が調査
された。 
 第9章では、フェナントリジンを骨格に有する新規なビラジカル (BPDO) の合成お
よび特異的な磁性について述べている。新たな有機ラジカル分子の開発は、4f-2pヘテ
ロスピン系錯体の発展に不可欠である。BPDO分子は当初副生成物として単離されたも
のではあるが、特異的な構造を有し、極めて強い反強磁性的カップリングを示すことが
わかり、興味を引くこととなった。結晶構造解析より分子内の2か所のNO部位が二量化
していることがわかり、化学結合と反強磁性的結合との中間の性格が明らかにされた。 
 第10章では、以上の研究成果が総括されている。本研究は、希土類イオンと有機ラ
ジカルという無機化学と有機化学の学際的な化合物が対象であった。分子構造から物性
を予測する、さらには制御するという構造有機化学的なアプローチは、磁性材料分野に
おいては極めて独創性に富み、この分野の研究指針、材料設計指針の一つを提供するも
のである。また、物性研究には最先端の装置 (高磁場パルス磁化測定や高周波EPR測定) 
が利用され、化学と物理の協働の取り組みが成功した好例と位置付けられる。これらの
研究成果が今後の分子性磁性体の飛躍的な進歩への一歩になることが期待される。  
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英文要旨 
 
The present thesis describes the development of single-molecule magnets (SMMs) on the basis of 
4f-2p heterospin systems. A SMM shows a magnetic hysteresis at the single-molecular level. The 
author has focused his attention on compounds consisting of lanthanoid (Ln) ions and organic 
nitroxide radicals and studied the molecular design, synthesis, crystallographic analysis, and physical 
properties of the heterospin compounds. Considerably strong 4f-2p exchange couplings were 
realized because the radical oxygen atom is directly coordinated to a Ln ion. The following items 
have been written. (1) 4f-2p Heterospin molecules were designed according to the 
magneto-structural relationship proposed after the data were collected from the literature. It reads 
that a planar coordination structure would favor antiferromagnetic coupling whilst an out-of-plane 
distorted structure ferromagnetic one. (2) Both record gadolinium(III)-nitroxide ferro- and 
antiferromagnetic exchange couplings were obtained in Gd-nitroxide compounds. Namely, 
antiferromagnetic 2J/kB = –17.4 K was recorded for the 2,2’-bipyridin-6-yl tert-butyl nitroxide 
complex, and ferromagnetic 2J/kB = +18.0 K for the tert-butyl phenyl nitroxide complex, where the 
exchange coupling constant is defined as H = –2JSGd·Srad. (3) It should be noted that 
antiferromagnetic 2J/kB = –17.4 K was characterized in the magnetization curve measured on a 65-T 
pulsed-field magnet facility. (4) The corresponding terbium(III) analogues behaved as a SMM. The 
slow magnetization reversal was evaluated with alternating-current magnetic susceptibility and 
pulsed-field magnetization. (5) Isomorphous model compounds involving diamagnetic ketones as a 
ligand have been prepared. The crystal field is not a decisive factor for SMM behavior in the present 
series. Their photoluminescence ability has also been investigated in the solid form at room 
temperature. (6) The experimental results are totally compatible with the spin-parity effect, probably 
related to the Kramers theorem, when the molecular total ground spin is applied since the coupling is 
strong enough. In conclusion, through the present study the author has proposed a plausible 
magneto-structural relationship and demonstrated its validity for novel molecular magnets. The 
present results may provide valuable information and methodology on designing and developing 
new magnet-based functional materials.   
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SIM Single-ion magnet 
SMM Single-molecule magnet 
SQUID Superconducting quantum interference device 
TDD Triangular dodecahedron 
QTM Quantum tunneling of magnetization 
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6bpyNO 2,2’-Bipyridin-6-yl tert-butyl nitroxide 
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DTBK Di-tert-butyl ketone 
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Chapter 1 
General Introduction 
1.1. The Outline of Molecular Magnets 
It is well-known that familiar magnets are made of metal oxides and intermetallic compounds; 
e.g. ferrites and rare-earth magnets (samarium-cobalt and neodymium magnets). On the other 
hand, most of molecule-based compounds show diamagnetism. However, molecule-based 
compounds have attracted much interest in the development of materials with functionality 
including various magnetic properties. In this section, the history of molecule-based magnetism 
will be described in brief.  
1.1.1. Organic Radicals 
a) b) c) d) 
 
 
 
 
 
 
Scheme 1.1. Structural formulas of (a) triphenylmethyl (R = H, Ph),1,2 (b) galvinoxyl,3 (c) 
TEMPO,4 and (d) p-NPNN.5 
 
First of all, organic compounds usually possess the ground singlet state (S = 0, S is the spin 
quantum number); namely, they show diamagnetism. Since Gomberg reported the observation 
of a triphenylmethyl (Scheme 1.1a, R = H),1 organic radical compounds have been studied in 
organic chemistry. Various organic radicals having the stability against air, solvents, and/or 
temperature were reported owing to a steric effect and a spin delocalization; e.g. 
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triphenylmethyl (Scheme 1.1a),2 galvinoxyl (Scheme 1.1b),3 and 
2,2,6,6-tetramehtylpiperidin-1-oxyl (TEMPO, Scheme 1.1c).4   
 In 1991, Kinoshita and co-workers reported the first organic ferromagnetic material, 
p-nitrophenyl nitronyl nitroxide (p-NPNN; NN = 4,4,5,5-tetramethylimidazolin-1-oxyl 3-oxide; 
Scheme 1.1d), with the transition phenomenon towards the ferromagnetically ordered state (TC 
= 0.60 K) in a -phase crystal.5 Since the report, several organic radical ferromagnets have been 
characterized; TEMPO radicals6 and verdazyl derivatives,7 for instance. 
1.1.2. Metal Complexes 
a)  b) 
 
 
 
 
 
 c) 
 
 
 
 
 
 
Scheme 1.2. Structural formulas of (a) [FeIII{C5(CH3)5}2][TCNE],8 (b) 
[MnIICuII(pbaOH)(H2O)3]n,9 and (c) [MnII(hfac)2(iPrNN)]n.10 
 
Complex [FeIII{C5(CH3)5}2][TCNE] (TCNE = tetracyanoethylene; Scheme 1.2a) reported by 
Millar and co-workers in 1987 is well-known as the first bulk ferromagnetism in molecular 
compound.8 The discovery shocked all chemists working in the field of molecular magnetism. 
In the next year, Kahn et al. succeeded in preparing the first ferrimagnetic chain compound 
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showing ferromagnetic transition, [MnIICuII(pbaOH)(H2O)3]n (Scheme 1.2b) with pbaOH = 
2-hydroxy-1,3-propylenebis(oxamato).9 Furthermore, in 1989, Gatteschi et al. also reported the 
ferrimagnetic chain compound [MnII(hfac)2(iPrNN)]n (Hhfac = 
1,1,1,5,5,5-hexafluoropentane-2,4-dione; iPrNN = 2-isopropyl-4,4,5,5-tetramethylimidazolin-1- 
oxyl 3-oxide; Scheme 1.2c) showing the ferromagnetic transition from the ferrimagnetic 
chains.10 The investigation of molecule-based magnets including organic radicals has made 
remarkable progress since the above three studies.  
 However, many chemists have encountered the difficulty that molecules are not easy to 
organize in a three-dimensional network of strong magnetic interactions like metal oxides. On 
the other hand, it is easy to prepare a compound with the low symmetry and low dimensionality 
by using molecular building blocks such as organic radicals and metal complexes. 
Single-molecule magnets (SMMs) are known as a typical low-dimensional magnet, and have 
attracted much attention of many researchers involved in molecular magnets. Since the 
discovery of SMMs,11 molecule-based magnets have been intensively investigated in the various 
compounds from zero- to three-dimensionality.  
1.1.3. Single-Molecule Magnets (SMMs) 
a) b) 
 
 
 
 
 
 
Scheme 1.3. (a) Sketch of structure of Mn12 complex. Green, orange, and red spheres 
correspond to MnIII, MnII ions, and O atom, respectively.11 (b) Structural formula of [Pc2Tb]-.17 
 
Complex [MnII/III12O12(CH3CO2)16(H2O)4]·2(CH3CO2H)·4H2O (abbreviated as Mn12; Scheme 
1.3a) for the first time exhibits the slow relaxation of magnetization on the single-molecule 
15 
 
level,11 which is called as a SMM. The SMMs have emerged as perspective components for 
information storage,12 quantum computing,13 and spintronics.14 The SMM behavior stems from a 
negative uniaxial magnetic anisotropy (D) and a high-spin ground state (S) defined as U = |D|S2 
(or for non-integer S, U = |D|(S2 – 1/4)). The U is the anisotropy barrier as defined by the 
Arrhenius relationship for the relaxation time,  = 0exp(U/kBT) (Figure 1.1a, see also Section 
2.1.6). In a SMM, there are major two relaxation processes: one is a thermal process, and the 
other is a process of quantum tunneling of magnetization (QTM). It is necessary to suppress 
these relaxation processes for the development of a practical information storage. In order to 
suppress a thermal process, an anisotropy barrier U has to be large due to a large total spin 
number S like the Mn12 complex and/or a strong magnetic anisotropy like a Ln-based complex 
(see below). Alternatively, the QTM process can be suppressed by an applied direct current (dc) 
bias field (Figure 1.1b).15 The molecular design involving as “exchange-bias field” has often 
been used to the investigation of SMMs. Namely, an exchange coupling may play a role of a 
bias field.    
 
 
 
 
 
 
Figure 1.1. Energy levels for a spin state S with magnetic uniaxial anisotropy in zero field (a) 
and an applied dc bias field (b). The +MS levels are located in the left well and the –MS levels in 
the right well. The QTM occurs when the energy levels come to the same level between the two 
wells.  
 
 In the early stage, many efforts have been focused to obtain the large total spin number by 
using polynuclear transition-metal complexes like the Mn12 complex; e.g. tetranuclear 
vanadium(III) complexes15 and eight-nuclear iron(III) complexes.16 Transition metal complexes 
have been subjected to considerable research; thus, relatively strong intramolecular exchange 
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coupling can easily be introduced into the spin system. However, the conditions for a SMM 
with both high-spin ground state and magnetic anisotropy are achieved not so easily.  
 In 2003, Ishikawa et al. first reported that [Pc2Tb]– (Pc = a dianion of phthalocyanine; 
Scheme 1.3b) as a mononuclear lanthanoid (Ln) complex shows the slow relaxation of 
magnetization with the effective energy barrier Ueff = 230 cm-1.17 This compound is later named 
as a single-ion magnet (SIM), and the SIM behavior could be attributed to the crystal-field 
splitting of the lowest Jz multiplet, where each Jz level is called the Stark level. We can consider 
the type of crystal field that will lead to a highly magnetic anisotropy of a Ln ion. There are two 
optimum coordination environments depending on whether the basic overall shape of free-ion 
electron density is oblate as for a Dy3+ ion or prolate as for an Er3+ ion.18 To maximize the 
anisotropy of an oblate ion (Tb3+ and Dy3+), we should assume that a ligand is placed above and 
below the xy plane in a crystal field (Figure 1.2a); like the double-decker complexes [Pc2Ln] 
(Scheme 1.3b), for instance. On the other hand, for a prolate ion, an equatorially-coordinating 
geometry is preferable to obtain the highly magnetic anisotropy of a Ln3+ ion (Figure 1.2b).  
 According to the molecular design, the Ln-based SIMs have been expected to improve the 
blocking temperature, and in fact hundreds of Ln-based SMMs have been reported to date.19 
 
a) b) 
 
 
 
 
 
 
 
Figure 1.2. Depictions of low- and high-energy configurations of the f-orbital electron density 
with respect to the crystal field environment for a 4f ion of (a) oblate and (b) prolate electron 
density. The green arrow represents the orientation of the spin angular momentum coupled to 
the orbital moment. 
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Figure 1.3. Molecular structure and formula of [DyIII(bbpen)Br].20 
 
 The Dy-based SIM [DyIII(bbpen)Br] with H2bbpen = 
N,N’-bis(2-hydroxybenzyl)-N,N’-bis(2-methylpyridyl)ethylenediamine (Figure 1.3) reported by 
Liu and co-workers has shown the largest effective energy barrier (Ueff = 1025 K) and the 
magnetic hysteresis loop up to 14 K.20 Although many SMM compounds show the effective 
high energy barrier,18,21 rational molecular designs to improve SMM properties remain 
challenging; namely, the molecular design is needed to improve the hysteresis with suppressed 
QTM and the high blocking temperature. To establish an alternative synthetic design of SMMs, 
several types of compounds have been investigated in details: polynuclear homometallic 4f 
complexes,22 heterometallic 3d-4f complexes,23 and Ln-radical (4f-2p heterospin) compounds.24  
1.1.4. 4f-2p Heterospin Systems 
 
 
 
 
 
 
 
Figure 1.4. Molecular structure and formula of [GdIII(hfac)3(phNN)]n.25 A [GdIII(hfac)3(phNN)2] 
moiety is shown. 
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The 4f-2p heterospin compounds consist of a lanthanoid ion and an organic radical as a 
paramagnetic ligand. Most important characteristics of 4f-2p heterospin compounds originate in 
strong exchange coupling between Ln and radical spins when an organic radical ligate at the 
spin-carrying atom. The introduction of strong exchange coupling is essential to the control of 
spin alignment and an exchange-bias for SMMs.  
 The first 4f-2p heterospin compound [GdIII(hfac)3(phNN)]n (phNN = 
2-phenyl-4,4,5,5-tetramethylimidazolin-1-oxyl 3-oxide; Figure 1.4) is reported by Gatteschi and 
co-workers in 1988,25 which was prepared in order to show the ferromagnetic transition like the 
ferrimagnetic chain compound [MnII(hfac)2(iPrNN)]n (Scheme 1.2c). Here, NN compounds 
have been often used as a paramagnetic ligand for the development of 4f-2p heterospin 
compounds,24 because the radical compounds can be easily obtained by preparing an aldehyde 
having an appropriate substituent.26 Owing to the easily accessible and handling nature, the 
Ln-NN compounds account for the majority of the 4f-2p heterospin compounds, and have often 
formed the one-dimensional chain structure where two NO moieties serve as a coordinated site 
like [GdIII(hfac)3(phNN)]n (Figure 1.4).25 In addition, an imino nitroxide (IN; 
4,4,5,5-tetramethylimidazolin-3-oxyl) compound, which can be easily prepared by reduction of 
a NN compound, is also utilized as a paramagnetic ligand.27  
 
 
 
 
 
 
 
 
Figure 1.5. Molecular structure and formula of [GdIII(Hbpz3)2(dtbsq)].28a 
 
 It is known that using 3,5-di-tert-butyl-o-semiquinone (dtbsq) as a ligand is an effective 
approach to the formation of a zero-dimensional architecture for 4f-2p heterospin compounds;28 
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[GdIII(Hbpz3)2(dtbsq)]·2CHCl3 with Hbpz3 = hydrotris(pyrazolyl)borate shows the 
zero-dimensional structure (Figure 1.5) and strong antiferromagnetic coupling (2J/kB = –16.4 K, 
H = –2JGd-radSGd·Srad). Furthermore, the dinuclear Dy complex with the semiqunonate ligand 
reported by Vallejo et al. behaves as a SMM.28d  
 In 2011, Long et al. reported that the N23– radical-bridged Ln complexes (Figure 1.6) 
showed the extremely strong antiferromagnetic coupling (2J/kB = –38.8 K) and the hysteresis up 
to 14 K, which is the highest observed for single-molecule magnets.29 This work is known as a 
milestone in the roadmap of molecule-based magnets. However, this Ln-N23- compounds are 
generally not easy to be synthesized and are also unstable under ambient conditions.  
 
 
 
 
 
 
 
 
Figure 1.6. Crystal structure and formula of an N23– radical-bridged Ln complex.29 
 
 Little is known so far about guiding principle for constructing exchange coupling in 
relation to the coordination structures in 4f-2p heterospin compounds. The chemical and 
structural diversity in these classes of the organic compounds requires a great deal of 
fundamental efforts to better understand new generations of molecule-based magnets. This 
thesis will mainly describe relationship between the molecular structure and the exchange 
coupling of 4f-2p heterospin compounds. 
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1.2. Scope of This Thesis 
Determination of magnetic exchange coupling is one of the most important issues in the study 
of molecular magnetism. Exchange coupling could give indispensable information for the 
development of not only SMMs but also other molecular magnets. 
 This thesis consists of ten chapters. In Chapter 2, the background theories about 
molecule-based magnetism will be introduced in order to comprehend the following studies.  
 In Chapter 3, a 4f-2p heterospin complex [GdIII(hfac)3(6bpyNO)] (Gd-6bpyNO; 6bpyNO = 
2,2’-bipyridin-6-yl tert-butyl nitroxide) will be reported. This molecule was designed according 
to the empirical relation: more planar chelates favor stronger antiferromagnetic couplings. 
According to the molecular design, the largest antiferromagnetic coupling constant in 
Gd-nitroxide compounds was characterized to be 2J/kB = –15.9(2) K. This study has 
demonstrated the successful application of the proposed magneto-structure relationship for the 
4f-2p heterospin compound. 
 Chapter 4 describes a magnetization jump at 52 T observed to Gd-6bpyNO on a facility of 
a very high magnetic field of a 65-T class, assignable to a radical spin-flip at the highest field 
ever known in 4f-2p heterospin compounds. The exchange coupling constant 2J/kB is revised as 
–17.4 K from –15.9(2) K. The present value is assumed to be more reliable than the analysis of 
the magnetic susceptibility in Chapter 3. 
 Chapter 5 involves two subjects; (i) the magnetic properties as a SMM of 
[LnIII(hfac)3(6bpyNO)] (Ln-6bpyNO, Ln = Tb, Dy), the corresponding of Tb and Dy analogues 
of Gd-6bpyNO, will be investigated. The role of the ligand spin introduced in SMMs can also 
be understood from the experiments using a diamagnetic ligand as a reference. (ii) Using the 
(mT) method as a conventional qualitative analysis will clarify the nature of Ln-radical 
exchange coupling in Ln-6bpyNO (Ln = Tb, Dy).  
 Chapter 6 deals with three 4f-2p heterospin complexes [GdIII(hfac)3(L)(H2O)] (Gd-L; L = 
tert-butyl phenyl nitroxide (phNO) and its derivatives (tert-butyl 3-tolyl nitroxide (3tolNO) and 
tert-butyl 4-tert-butylphenyl nitroxide (4tbphNO))). These molecules were designed according 
to the empirical relation: out-of-plane coordination of the Gd3+ ion from the radical  system 
favors ferromagnetic coupling. The three Gd compounds showed large ferromagnetic coupling. 
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The value 2J/kB = +18.0(4) K for Gd-phNO is the record magnitude of Gd-nitroxide systems. 
This study has also demonstrated the successful application of the proposed magneto-structure 
relationship as well as that in Chapter 3.  
 In Chapter 7, the magnetic properties as a SMM of [LnIII(hfac)3(phNO)(H2O)] (Ln-phNO; 
Ln = Tb, Dy), the corresponding Tb and Dy analogues of Gd-phNO, will be investigated, 
demonstrating the successful development of the SMM by introduction of strong ferromagnetic 
coupling.  
 In Chapter 8, one nitroxide (DTBN = di-tert-butyl nitroxide) and two ketones (DTBK = 
di-tert-butyl ketone and BP = benzophenone) having a bulky substituent are applied to synthesis 
of Ln complexes. In addition to exchange coupling between Gd and nitroxide, the SMM 
properties and photoluminescence will be investigated. 
 In Chapter 9, a novel biradical compound having a ground singlet state will be described.  
This biradical was unexpectedly obtained as a by-product in the preparation of nitroxide-based 
ligands. However, the specific structure (a “pseudo-ipso” pancake-like dimer) and extremely 
strong intramolecular antiferromagnetic coupling will attract much interest.  
 Finally, the results and discussion are overviewed in Chapter 10.  
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Chapter 2 
2.1. Theoretical Section 
2.1.1. Magnetic Susceptibility1,2 
A molar magnetic susceptibility m is described as follows,  
HM m   - (2.1) 
where M is a molar magnetization, and H is an external field. In principal, the molar magnetic 
susceptibility m is the algebraic sum of a molar diamagnetic susceptibility mD and a molar 
paramagnetic susceptibility mP (eq. (2.2)). 
P
m
D
mm     - (2.2) 
 When the mD term dominates, the sample is said to be diamagnetic; namely, it is repelled 
by an external magnetic field. On the other hand, when the mP term dominates, the sample is 
said to be paramagnetic; it is attracted by an external magnetic field. It is sufficient to specify 
that the mD term is independent of a temperature (T) and an external field. ThemD term is 
always present in an experimental data obs, and the negative value of mD can be estimated from 
Pascal’s constants. Some of these data are shown in Table 2.1.1,2  
 The molar paramagnetic susceptibility mP is dependent of a temperature, and that value 
shows positive. To understanding details of the mP, a general theory for a paramagnetic 
susceptibility will be described. When an external field is present, an energy spectrum En (n = 1, 
2, …) represents as the following:  
 2(2)(1)(0) HEHEEE nnnn   - (2.3) 
where En(0) is the energy of level n in zero field. En(1)H and En(2)H2 are called first- and 
second-order Zeeman energies, respectively. For each energy level, a microscopic 
magnetization n can be defined as 
 HEEHE nnnn
(2)(1)
2   - (2.4) 
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Table 2.1. Diamagnetic susceptibilities (in 10–6 cm3 mol–1) as the Pascal constants. 
Neutral atom  Cation  Metal  
H –2.93 Li+ –1.0 V3+ –10 
C –6.00 Na+ –6.8 V4+ –7 
N (ring) –4.61 K+ –14.9 Cr2+ –15 
N (open chain) –5.57 Mg2+ –5.0 Cr3+ –11 
N (amide) –1.54 Ca2+ –10.4 Mn2+ –14 
N (imide) –2.11 Anion  Mn3+ –10 
O –4.61 O2– –12.0 Fe2+ –13 
O (carbonyl) +1.73 F– –9.1 Fe3+ –10 
O2 (carboxyl) –7.95 Cl– –23.4 Co2+ –12 
F –6.3 Br– –34.6 Co3+ –10 
Cl –20.1 OH– –12.0 Ni2+ –10 
Br –30.6 NO3– –18.9 Cu+ –12 
I –44.6 NCS– –31.0 Cu2+ –11 
S –15.0 ClO4– –32.0 Zn2+ –15.0 
P –26.3 SO42– –40.1 Rare earth –20 

The approximation is that H/kBT is small with respect to unity. The macroscopic molar 
magnetization M is obtained by the sum of the microscopic magnetization considering the 
Boltzmann distribution low.  
   
  
 

n n
n nn
TkE
TkEHEN
M
B
BA
exp
exp
  - (2.5) 
The exponential in eq. (2.5) could be approximated as the following 
    )/1(/exp/exp B(1)B(0)B TkHETkETkE nnn    - (2.6) 
From eqs. (2.4), (2.5), and (2.6), molar magnetization M can be written as 
    
    
 

n nn
n nnnn
TkETkHE
TkETkHEHEEN
M
B
)0(
B
)1(
B
)0(
B
)1()2()1(
A
exp/1
exp/12
  - (2.7) 
When H is zero, the magnetization vanishes, hence eq. (2.7) becomes  
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 
  
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A
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  - (2.8) 
From eq. (2.1), the magnetic susceptibilities m lead to 
 
  
 



 
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n n
n nnn
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TkEETkEN
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)0(
B
)0()2(
B
2)1(
A
m
exp
exp2/
   - (2.9) 
which is called the van Vleck formula.3 When all energies En are linear in magnetic field H, the 
second order Zeeman coefficients En(2) vanish, and eq. (2.9) is written as 
 
  
 

n n
n nn
TkETk
TkEEN
B
)0(
B
B
)0(2)1(
A
m
exp
exp
   - (2.10) 
2.1.2. Magnetization1,4 
The simplest situation in molecular magnetism is that of molecules in which the ground state 
has a large separation in energy from the low-lying excited states, such that any kind of 
coupling between the ground and excited states may be disregarded.  
 When a field H is applied, the energy En is given by 
HgME Jn B   - (2.11) 
which MJ is the magnetic quantum number and varies an integer value from –J to +J. The g 
factor is principal isotropic and equal to ge = 2.0023. When H/kBT is small, magnetic 
susceptibilities obey Curie’s law (eq. (2.12)).  
T
C
JJ
Tk
gN
 )1(
3 B
2
B
2
A
m

   - (2.12) 
On the other hand, when H/kBT becomes large, the molar magnetization M could be written 
from eqs. (2.5) and (2.11) as the following 
)(BA yJBgNM J   - (2.13) 
where y = gBJH/kBT. BJ(y) is the Brillouin function defined by 

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
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





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coth
2
1
2
12
coth
2
12
)(   - (2.14) 
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 When we deal with spin-only ions (organic radicals, a Gd3+ ion, and some transition metal 
ions), the orbital quantum number L can be approximately zero; namely, it is assumed that J 
(defined as J = L + S) is equal to S in eq. (2.12). 
 The variations of molecular magnetization M in NAB units for g = 2 and T = 1.8 K for 
several J values are shown in Figure 2.1. 
 
 
 
 
 
 
 
 
 
Figure 2.1. The magnetization curves calculated with eq. (2.13). 
 
2.1.3. Spin Hamiltonian5 
In general, a vector coupling scheme5 may be used to model the quantitative behavior of the 
system with exchange-coupled spins with the Heisenberg−Dirac−van Vleck (HDvV) spin 
Hamiltonian,6,7 
  ij jiij SSJH
ˆˆ2ˆ   - (2.15) 
where the subscripts i and j correspond to the two different spins between nearest-neighbor sites. 
Jij is the exchange coupling constant and is a function of the relatively separation between the 
magnetic moments. In the Hamiltonian eq. (2.15), J > 0 corresponds to ferromagnetic 
interaction, and J < 0 corresponds to antiferromagnetic interaction.  
 For the exchange coupling constant, several conflicting conventions have been in use in the 
literature: jiij SSJH
ˆˆ2ˆ  , jiij SSJH
ˆˆˆ  , and jiij SSJH
ˆˆˆ  . In this thesis, the first one 
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will be used. We have to make sure to understand which convention was used in each reference 
in the literature.  
2.1.4. Intermolecular Interaction: Molecular Field1,4 
Most magnetic measurements are carried out in the solid state and the molecular magnetic 
species are rarely perfectly isolated from a magnetic viewpoint. In the molecular field 
approximation where a perturbation is added to the Zeeman term, the perturbation takes the 
form zz SSzJ
ˆ  where z is the number of nearest neighbors around a given magnetic 
molecule in the crystal lattice, and <Sz> is the mean value of the zSˆ  component, the spin 
operator. J is the exchange coupling constant between two nearest neighbor spin centers and z is 
the number of nearest neighbors around the given molecule in a crystal lattice. The total spin 
Hamiltonian is 
zzz SSzJHSgH
ˆˆˆ
B     - (2.16) 
where the magnetic field is assumed to be along the z direction and the g tensor to be isotropic. 
<Sz> is given through the Boltzmann distribution law as 
)1(3
)1(
B
B



SzJSTk
HgSS
S z

  - (2.17) 
The molar magnetization may be expressed as 
zSgNM BA    - (2.18) 
such that the molar paramagnetic susceptibility at low fields and high temperatures is  
)1(3
)1(
B
2
B
2
A
m
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
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SzJSTk
SSgN 
   - (2.19) 
From eq. (2.19) and the Curie-Weiss low,  = C/(T – ), the Weiss constant  defined by 
B3
)1(
k
SzJS 
   - (2.20) 
To emphasize low-temperature behavior, calculated magnetic data are represented in the form 
of a mT vs. T plot (Figure 2.2).  
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Figure 2.2. mT vs. T plot for an assembly of molecules obeying the Curie-Weiss law with the 
Curie constant C = 0.375 cm3 K mol-1 and Weiss constants  = +5 (a red curve), 0 (a green line), 
and –5 K (a blue curve).  
2.1.5. Isotropic Interaction in Two-Spin System (S = 7/2 and S = 1/2)  
In the two-spin system, the HDvV spin Hamiltonian is written as 
BA
ˆˆ2ˆ SSJH    - (2.21) 
where ASˆ and BSˆ are the local spin operator, and J is exchange coupling between SA and SB. 
Since BAT
ˆˆˆ SSS  , hence 
2
BBA
2
A
2
T
ˆˆˆ2ˆˆ SSSSS  . The spin Hamiltonian is rewritten as  
 2B2A2T ˆˆˆˆ SSSJH    - (2.22) 
the eigenvalues of which are 
  )1()1()1(,, BBAATTBAT  SJSSJSSJSSSSE  - (2.23) 
which, after a change of origin, can be rewritten as 
  )1( TTT  SJSSE   - (2.24) 
The local spins are SA = 7/2 and SB = 1/2. If the low-spin state (S1 = 3) is taken as the origin, the 
relative energies of the states are E1(3) = 0 and E2(4) = –8J (S2 = 4). 
 The spectrum of the low-lying state and the first order Zeeman coefficients associated with 
the Zeeman perturbation are shown in Figure 2.3a. The molar magnetic susceptibility m is 
given by eq. (2.10) and above the energy states as the following 
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and 
  
  TkJTk
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BB
B
2
BA
m
8exp97
8exp1574




   - (2.26) 
 If the intermolecular coupling is analyzed from magnetic susceptibility, we can use the 
following expression from eq. (2.26) and Curie-Weiss low,  = C/(T – ). 
  
   





TTkJk
TkJgN 1
8exp97
8exp1574
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B
2
BA
m   - (2.27) 
 
a) b) 
 
 
 
 
 
 
 
Figure 2.3. (a) Zeeman diagram for a two-spin system with S = 7/2 and S = 1/2 in the case of 
antiferromagnetic coupling (J < 0). (b) mT vs. T curves describing eq. (2.26) with g = 2.0 and 
2J/kB = +20, 0, and –20 K. 
2.1.6. Ac Magnetic Susceptibility9 
Since Gorter and Brons first reported in 1937,8 it has been known that the alternating current 
(ac) magnetic susceptibility measurement is good approach to the observation of the spin 
dynamics. The ac magnetic field is given by 
thcHH cos0    - (2.28) 
where h and c are the Planck constant and speed of light, respectively, and is the angular 
frequency. If the frequency of the external field H is slower than the relaxation time of the 
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magnetization (), i.e.  << 1, the measured susceptibility is the same as the static 
susceptibility which is called the isothermal susceptibility (T). On the other hand, if the 
frequency of the external field H is faster than the , i.e. 1 << , the magnetic system is 
effectively isolated from the surroundings and an adiabatic susceptibility (S) is measured. In an 
intermediate regime, the magnetic susceptibility can be represented as the following equation. 
 
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S   - (2.29) 
This equation is well-known as the Debye relaxation, which has the single-relaxation time. If 
the isothermal and adiabatic susceptibilities are real, the real and imaginary components of the 
susceptibility () are given by 
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The frequency dependence of the ’ and the ” are shown in Figure 2.4. The ” goes through a 
maximum when  = 1, while it goes to zero for  → 0 and  → ∞, contrary to the ’ which 
has the limiting values T and S. 
 
 
 
 
 
 
 
 
 
Figure 2.4. Theoretical frequency-dependence of the real and imaginary components of the 
magnetic susceptibility () in a semi-log scale. The T and the S are the isothermal and 
adiabatic limit of the susceptibilities, respectively.  
 
32 
 
 The Cole-Cole plot where ’ vs. ” is used to understanding the relaxation process. Based 
on a distribution of a relaxation time, eq. (2.29) can be written as 
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and 
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Figure 2.5. The Cole-Cole plot where at a given temperature the ” is plotted versus the ’, for 
each frequency. Solid line: no distribution in relaxation time; broken, a distribution in  
according to eqs. (2.33) and (2.34).   
 
When the distribution in the relaxation time is wide,  is large. The  parameter can be 
easily estimated by the Cole-Cole plot from the experimental ac data. The semicircle derived 
from eq. (2.32) is shown in Figure 2.5, and the angle that subtends the arc is given by (1 – ).  
 When the relaxation is so slow that the decay of magnetization can be directly measured, 
the relaxation time  can often be represented by the Arrhenius equation, 
Tk
U
B
0 exp    - (2.35) 
where 0 is a pre-exponential factor and U is an energy barrier. These parameters are important 
to assess the properties of SMMs. When the U/kB is larger than the cryogenic temperature, the 
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spin can hardly get out of its half-potential well to go into the other one. On the other hand, 
when the temperature is higher, the spin can climb to the top of the energy barrier and then go 
down on the other side. These processes are called the thermal activation (Figure 1.1a).  
 When the relaxation time  is equal to 1/ (= 1/2) at the temperature T, the T is called 
the blocking temperature TB. The TB can also be expressed by the Arrhenius equation (eq. 
(2.35)), and the equation can be written as 
   
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  - (2.36) 
The effective energy barrier and the pre-exponential factor can be estimated by the Arrhenius 
plots from the TB and the measuring frequency . 
2.1.7. Lanthanoid Ions1 
The lanthanoid (also called lanthanide and abbreviated as Ln) series comprises fifteen chemical 
elements with the atomic number 57 through 71 (Table 2.2). These fifteen elements, along with 
the chemically similar elements scandium (21Sc) and yttrium (39Y), are often collectively known 
as the rare-earth elements.  
 The ground configuration of the Ln elements is [Xe]4fn5d16s2. Generally, the Ln ions are 
that a trivalent state is chemically stable; they can be divalent (Sm2+, Eu2+, and Yb2+) or 
tetravalent Ce4+ when the 4f0, 4f7, or 4f14 configurations are attained as [Xe]4fn. The thirteen 
Ln3+ ions from 56Ce to 70Yb have unpaired electrons in the 4f orbitals (abbreviated as a 4f spin), 
which are lower in the energy than the unfilled 5d and 6s orbitals; namely, the 4f spins are very 
efficiently shielded by the outer orbitals. The 4f spins are almost uninvolved in the bonds 
between a Ln ion and a ligand, thus the magnitude of the spin-orbit coupling (LS coupling) is 
much larger than that of a transition metal (3d) ion. This spin-orbit coupling partially removes 
the degeneracy of the 2S+1 ground term, where  is an irreducible representation of a point 
group. This gives 2S+1J states, with J varying by an integer value from |L – S|, |L – S + 1|, … L + 
S. The J is the quantum number associated with the total angular momentum J defined as J = L 
+ S. The Landé gJ factor of a given J multiplet is expressed by  
)1(2
)1()1(
2
3


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JJ
LLSS
g J  - (2.37) 
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The ground states and quantum numbers for the different Ln ions are listed in Table 2.2.  
 The magnetic properties of the Ln ions differ along the series. The Ln3+ ions having 
half-odd integer spin values (Dy3+, Er3+, and others), which is called a Kramers ion, show at 
least doubly degenerate in the absence of a magnetic field. On the other hand, the rest of the Ln 
ions (Tb3+, Ho3+, and others; non-Kramers ions) do not show the doubly degenerate in the 
absence of a magnetic field. Therefore, the Dy3+ or Er3+ ions with the high and half-integer J 
value (J = 15/2) are often used for the investigation of molecular magnets.   
 
Table 2.2. Electron configurations, ground states, spin quantum numbers S, orbital quantum 
numbers L, angular quantum numbers J, Landé’s gJ values, and mT values for Ln3+ ions. 
Ln3+ As in 4fn Ground state S L J gJ mT / cm3 K mol–1 
La 0 1S0 0 0 0 - 0 
Ce 1 2F5/2 1/2 3 5/2 6/7 0.804 
Pr 2 3H4 1 5 4 4/5 1.60 
Nd 3 4I9/2 3/2 6 9/2 8/11 1.64 
Pm 4 5I4 2 6 4 3/5 0.901 
Sm 5 6H5/2 5/2 5 5/2 2/7 0.0894 
Eu 6 7F0 3 3 0 - 0 
Gd 7 8S7/2 7/2 0 7/2 2 7.88 
Tb 8 7F6 3 3 6 3/2 11.8 
Dy 9 6H15/2 5/2 5 15/2 4/3 14.2 
Ho 10 5I8 2 6 8 5/4 14.1 
Er 11 4I15/2 3/2 6 15/2 6/5 11.5 
Tm 12 3H6 1 5 6 7/6 7.15 
Yb 13 2F7/2 1/2 3 7/2 8/7 2.57 
Lu 14 1S0 0 0 0 - 0 
2.1.8. Superexchange Coupling10,11 
In many molecule-based magnets based on polynuclear complexes, there are diamagnetic 
bridging anions or atoms between paramagnetic metal ions. In this case, spin centers are subject 
to magnetic interactions through superexchange and/or spin polarization mechanisms. 
Superexchange coupling is mediated by charge-transfer (CT) interaction between paramagnetic 
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metal ions and bridging diamagnetic ligands, and the sign of coupling (ferro/antiferromagnetic) 
is predictable according to the mechanism proposed by Anderson, Goodenough, and 
Kanamori.10 The mechanism will be briefly explained below. 
 When two homometal ions (MA and MA’) are bridged by an anion (O2– or X–) with 
MA-X-MA’ = 180º (Scheme 2.1a), antiferromagnetic coupling takes place through 
ligand-to-metal charge transfer (LMCT), and a low-spin state is stabilized to afford a ground 
state. If the MA ion has an “up” spin, a “down” spin moves from the X– anion to the MA ion 
through LMCT, leaving an up spin on the anion. The remaining “up” spin on the X– anion 
stabilizes the “down” spin of the MA’ ion. This situation results in observation of the 
antiferromagnetic coupling between two metal centers (Scheme 2.1a). When two different metal 
ions, MA and MB, are bridged with MA-X-MB = 90º, a low-spin state is stabilized (Scheme 2.1b). 
 
a) b) 
 
 
 
 
 
c) d) 
 
 
 
 
 
Scheme 2.1. The superexchange antiferro- (a-b) or ferromagnetic (c-d) coupling between two 
spin centers via the diamagnetic ligand. 
 
 On the other hand, when two homometal ions are bridged by the X– anion with MA-X-MA’ 
= 90º, a high-spin state is stabilized (Scheme 2.1c). A “down” spin firstly moves from the X– 
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anion to the MA through LMCT, leaving an “up” spin on the anion. However, the X– anion 
orbital is orthogonal to the MA’ ion orbital. This situation brings about observation of the 
ferromagnetic coupling between two metal centers as shown in Scheme 2.1c. When two 
different metal ions are bridged with MA-X-MB = 180º, a high-spin state is stabilized to become 
a ground state (Scheme 2.1d).  
 Direct exchange coupling case like Ln-nitroxide complexes can also be explained in terms 
of CT interaction in a manner similar to the logic of superexchange coupling. The origin of the 
antiferromagnetic coupling is the SOMO-SOMO orbitals interaction giving a partial covalent 
bond character, where SOMO stands for a singly occupied molecular orbital. A “down” spin 
transfer occurs when the other SOMO has an “up” spin, and vice versa. The low-spin state is 
much stabilized (Scheme 2.2a).  
 
a) b) c) 
 
 
 
 
 
 
 
 
Scheme 2.2. The electron configuration by the CT interactions: (a) SOMO → SOMO, (b) 
NHOMO → SOMO, and (c) SOMO → LUMO.  
 
 The ferromagnetic coupling usually requires the orbital orthogonality between the magnetic 
orbitals (SOMOs) to lose orbital interaction. At the same time, it is pointed out that the orbital 
interaction between the NHOMOs (next highest occupied molecular orbitals) or LUMOs 
(lowest unoccupied molecular orbitals) on one interacting atom and the SOMO on the other 
should be substantial to realize ferromagnetic coupling.12 After the CT, the local triplet electron 
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configuration within an atom is favored because of Hund’s rule, and accordingly parallel spin 
configuration is stabilized, compared to a possible antiparallel spin configuration. This situation 
results in observation of ferromagnetic coupling between two spin centers (Scheme 2.2b and c).  
 The most important difference between the direct exchange and superexchange coupling 
systems is the magnitude of the coupling. As McConnell proposed,13 magnetic exchange 
coupling is proportional to the spin density at interacting atoms. In the former, the spin density 
at the interacting oxygen atom is sizable when nitroxide radicals are applied to the 4f-2p 
heterospin coordination compounds for example, whereas in the latter, the spin density 
corresponds only to the small amount of the result of CT or spin polarization.  
2.2. General Experimental Section 
The analytical instruments, X-ray diffraction, and magnetic measurements are almost shared in 
the following chapters. In this section, the detailed experimental and analyses methods are 
described.  
2.2.1. Analytical Instruments 
1H NMR (500 MHz) and 13C NMR (126 MHz) experiments were performed in CDCl3 on 
ECA-500 (JEOL). The chemical shifts (given in ppm) were measured versus a reference peak of 
tetramethylsilane (TMS).  
 IR spectra were obtained on a Nicolet 6700 spectrometer (Thermo fisher scientific) including 
a diamond ATR (attenuated total reflectance) method. The spectral data are listed as major 
peaks in wavenumber (cm-1), recorded in a spectral window of 4000-400 cm-1.  
 Elemental analyses (EA) were carried out with a Perkin-Elmer Series II CHNS/O 2400 
analysis.  
 Mass spectra (MS) were recorded on electrospray ionization (ESI) mode using a JMS-T100 
AccuTOF (JEOL) spectrometer. The specimen was dissolved in methanol.  
 ESR (Electron spin resonance) spectra were recorded on a Bruker ELEXSYS X-band (9.7 
GHz) spectrometer. The ESR spectra were recorded at room temperature, immediately after the 
sample solution in toluene was thoroughly purged with nitrogen gas. 
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2.2.2. Single Crystal X-ray Diffraction 
X-ray diffraction data of a sample was collected on a Rigaku Saturn70 CCD diffractometer with 
graphite monochromated MoK radiation ( = 0.71073 Å). The structures were directly solved 
using a heavy atom method and expanded using Fourier techniques in the CRYSTALSTRUCTURE 
program package.14 Numerical absorption correction was used. All of the hydrogen atoms were 
refined as “riding” except for Chapter 9. The thermal displacement parameters of the 
non-hydrogen atoms were refined anisotropically.  
2.2.3. Magnetic Measurements 
The dc magnetic susceptibility and magnetization of polycrystalline specimens were measured 
on a Quantum Design MPMS-XL SQUID (superconducting quantum interference device) 
magnetometer equipped with a 7 T coil in a temperature range 1.8-300 K. The magnetic data 
were corrected using diamagnetic blank data of the sample holder measured separately. The 
diamagnetic contribution of the sample itself was estimated from Pascal’s constants (cf. Table 
2.1). The ac magnetic susceptibility of polycrystalline specimen of a compound was recorded on 
a Quantum Design PPMS (physical properties measurement system) ac magnetometer.  
 The low-temperature magnetization was measured by a conventional inductive probe in 
pulsed-magnetic fields, and the temperature was reached as low as 0.5 K using a 3He cryostat.15 
Polycrystalline specimens were mounted in a capillary made of polyimide. The samples were 
not fixed within the sample tube and then they aligned in the magnetic field direction. After the 
magnetic field was applied several times, the orientation effect was saturated, and the 
magnetization curves obtained in further shots were found to be identical. The magnetization 
was calibrated with independent measurements on a SQUID magnetometer. 
2.3. References 
1. Kahn, O. Molecular Magnetism; VCH: Weinheim, Germany, 1993. 
2. 大川尚士 (Ōkawa, H.) 磁性の化学 (Jisei no kagaku); 朝倉書店 (Asakura 
Publishing Co., Ltd), Japan, 2004.  
39 
 
3. van Vleck, J. H. The Theory of Electric and Magnetic Susceptibilities; Oxford 
University Press: Oxford, UK, 1932.  
4. Itoh, K.; Kinoshita, M. Molecular Magnetism; Kodansha, Japan, 2000.  
5. O’Connor, C. J. Research Frontiers in Magnetochemistry; World Scientific: Singapore, 
1993.  
6. Heisenberg, W. Z. Physik. 1926, 38, 411.  
7. Dirac, P. A. M. Proc. Roy. Soc.1926, 112A, 661.  
8. Gorter, C. J.; Brons, F. Physica 1937, 4, 579. 
9. Gatteschi, D.; Sessoli, R.; Villain, J. Molecular Nanomagnets; Oxford University Press: 
Oxford, UK, 2006. 
10. (a) Anderson, P. W. Phys. Rev. 1959, 115, 2. (b) Kanamori, J. J. Phys. Chem. Solids 
1959, 10, 87. (c) Goodenough, J. B. J. Phys. Chem. Solids, 1958, 1, 287. 
11. Oshio, H.; Nakano, M. Chem. Eur. J. 2005, 11, 5178.  
12. Awaga, K.; Sugano, T.; Kinoshita, M. Chem. Phys. Lett. 1987, 141, 540. 
13. McConnell, H. M. J. Chem. Phys. 1963, 39, 1910. 
14. CrystalStructure versions 4.0 and 4.2, Rigaku Corp., Tokyo, Japan, 2010 and 2015. 
15. Nojiri, H.; Choi, K. –Y.; Kitamura, N. J. Magn. Magn. Mater. 2007, 310, 1468. 
  
40 
 
Chapter 3 
Strongest Antiferromagnetically Coupled Gd-Nitroxide 
Compound 
Abstract 
The record antiferromagnetic coupling constant in gadolinium(III)-nitroxide compounds was 
characterized to be 2J/kB = –15.9(2) K in [GdIII(hfac)3(6bpyNO)] (Gd-6bpyNO; 6bpyNO = 
2,2’-bipyridin-6-yl tert-butyl nitroxide, Hhfac = 1,1,1,5,5,5-hexafluoropentane-2,4-dione). This 
molecule was designed according to the empirical relation: more planar chelate favors stronger 
antiferromagnetic coupling. The correlation is drawn as a plot of a normalized exchange 
coupling constant against a torsion angle describing an out-of-plane coordination, with the data 
taken from overviewing the literature.     
3.1. Introduction 
Molecule-based magnetic materials have the advantage of being able to arrange a variety of 
magnetic orbitals, which results in SMMs as well as interesting exchange-coupled systems, as 
noted in Chapter 1. Many Ln-based compounds have been reported; however, Ln compounds 
are often claimed like: the magnetic coupling involving Ln3+ ions are weak, mainly because the 
magnetic orbitals reside in 4f as the inner shell as noted in Chapter 2.  
 Stronger exchange couplings are expected in Ln-radical (4f-2p) heterospin systems than 
those of 4f-4f or 4f-3d systems, because organic radicals as a paramagnetic ligand interact 
directly with a Ln3+ ion via the coordination bond. However, little is known about guiding 
principle for constructing magnetic coupling in the relation with the structures.1 Owing to the 
facile analysis in studies on the structure-function relationship and exchange mechanism, a spin 
only Gd3+ ion (4f7, 8S7/2) is often chosen as an initial attempt.2,3 Ishida and co-workers have 
proposed the empirical relation between the exchange coupling and the torsion angle Gd-X-Y 
and X-Y--conjugated, as shown in Figure 3.1.2 Antiferromagnetic Gd-nitroxide coupling was 
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usually found in chelate structures involving imino nitroxide (IN),3a,4 semiquinone (SQ),5 and an 
N23– anion radical.6 Planar structures between Gd3+ and radical sites seem to favor 
antiferromagnetic coupling. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. Plot of the normalized exchange coupling constant against the Gd-X-Y / 
X-Y--conjugation dihedral angle. Data are taken from the literature.1-6 For normalization 
factors, see the text. Symbols: ○, △, □, ▽, and ◇ stand for the complexes having NN, IN, 
tert-butyl nitroxide (ArNO), SQ, and an N23- radical, respectively. Color codes: red, blue, green, 
orange, and black symbols imply SAPR, TDD, SAPR/TDD, CSAPR/JBCSAPR, and others, 
respectively.† A broken line implies the best fit for the data in || < 80º, and a dotted square 
shows the subset which does not obey the relation. The inset shows a schematic drawing of the 
definition of .  
 
 In the previous study, Murakami, Kanetomo, and co-workers reported that the highly 
planar Gd-radical chelate compound, [GdIII(hfac)3(2pyNO)(H2O)] (Gd-2pyNO) exhibited the 
strongest exchange coupling constant JGd-rad before this work, where 2pyNO stands for tert-butyl 
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2-pyridyl nitroxide (Scheme 3.1).2 To improve the JGd-rad value, the molecular design should be 
concentrated in the following issues: (i) to flatten a chelate ring and (ii) to shorten a Gd-Onitroxide 
bond. A 2,2’-bipyridine-based nitroxide radical is supposed to be a suitable candidate for this 
purpose. An additional pyridine ring is introduced in 2pyNO, giving 2,2’-bipyridin-6-yl 
tert-butyl nitroxide (6bpyNO).7 In this section, it will be reported that [GdIII(hfac)3(6bpyNO)] 
shows the strongest antiferromagnetic exchange coupling between Gd3+ and radical spins in 
Gd-nitroxide compounds. 
 
 
 
 
 
 
Scheme 3.1. Chelating paramagnetic ligands 
3.2. Results 
3.2.1. Preparation and Crystal Structure 
First of all, a reason why ArNO was chosen in this study should be noted briefly. Compared 
with the NN group, the ArNO group has the advantage. The former has two NO group, while 
the latter has one, as the major spin-delocalized heteroatoms. As McConnell indicated,8 
magnetic exchange coupling is proportional to the spin density at interacting atoms. The spin 
density was evaluated from the hyperfine splitting constants (hfsc’s) for ESR, which are also in 
proportion to the spin density. The typical hfsc values of the Nnitroxide atom are 1.2±0.2 mT for 
ArNO9,10 and 0.74±0.03 mT for NN.10a,11 The spin density at the Onitroxide atom is assumed to be 
proportional to that of the Nnitroxide atom. Alternatively, polarized neutron diffraction studies may 
also be helpful to clarify the spin distribution in the solid state. Along this line, it is realized that 
the discussion on the magneto-structural relationship requires the normalization of the exchange 
constants based on the spin-density factor (see below).  
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Figure 3.2. X-ray crystal structure of Gd-6bpyNO with thermal ellipsoids at the 50% level. H 
atoms are omitted for clarity. Structure formula is also shown.  
 
 Gd-6bpyNO could be prepared simply by mixing solutions of [GdIII(hfac)3(H2O)2]12 and 
6bpyNO as a paramagnetic ligand with a molar ratio of 1/1, and the resultant crystalline product 
is suitable for structural and magnetic characterization. 
 The Gd-6bpyNO complex crystallizes in the monoclinic P21/n space group (Figure 3.2 and 
Table 3.1). The nine-coordinated Gd center has two nitrogen and one oxygen atoms from the 
chelate ligand (6bpyNO) and six oxygen atoms from three co-ligands (hfac). The SHAPE 
software13 gave the shape measures of 0.258 and 1.086 for CSAPR (capped square antiprism) 
and TCTPR (tricapped trigonal prism), respectively, indicating that the coordination polyhedron 
around the Gd3+ center of Gd-6bpyNO can be best described as CSAPR. The Gd1-O1, Gd1-N2, 
and Gd1-N3 distances are 2.373(4), 2.560(4), and 2.568(4) Å, respectively. The Gd1-O1-N1 
angle is 126.2(3)º, and the Gd1-O1-N1-C1 torsion angle is 16.5(5)º. 
 The 6bpyNO molecule is a tridentate ligand whereas 2pyNO is a bidentate ligand, leading 
to a different coordination structure. Actually, the nine-coordinate Gd3+ ion in Gd-2pyNO has 
one additional aquo ligand, but its polyhedron was similarly described as CSAPR.2 The 
Gd-O1-N1-C1 portion is more planar than that of Gd-2pyNO, as indicated with the larger 
torsion angle of the latter (19.5(8)°). The tandem chelated rings (Gd1-O1-N1-C1-N2 and 
Gd-N2-C5-C6-N3) in Gd-6bpyNO seem to enhance the planar character of the Gd1-O1-N1-C1 
moiety. The Gd1-O1 distance in Gd-6bpyNO (2.374(4) Å) is shorter than that of Gd-2pyNO 
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(2.464(4) Å). The tridentate ligation seems to be responsible for it; thus, the molecular design 
described in the introduction (3.1) is realized successfully.  
 
Table 3.1. Selected crystallographic data for Gd-6bpyNO. 
 Gd-6bpyNO 
Formula C29H19F18GdN3O7 
Formula weight 1020.71 
T / K 100 
Crystal system monoclinic 
Space group P21/n 
a / Å 13.467(3) 
b / Å 17.045(4) 
c / Å 16.692(4) 
 / ° 105.43(1) 
V / Å3 3694(2) 
Z 4 
Dcalc / g cm-3 1.835 
 (MoK) / mm-1 1.939 
R(F)a) (I > 2(I)) 0.0463 
Rw(F2)b) (all data) 0.0482 
Goodness-of-fit 1.148 
Number of unique reflections 8548 
a) R = ||Fo – Fc||/|Fo|. b) Rw = [w(Fo2 – Fc2)2/w(Fo2)2]1/2 
3.2.2. Magnetic Properties 
The magnetic properties of Gd-6bpyNO were measured on polycrystalline samples fixed with 
mineral oil in 1.8–300 K at an applied magnetic field of 500 Oe. The mT vs. T plot is shown in 
Figure 3.3a. The room-temperature mT value of 8.24 cm3 K mol-1 well agrees with the value of 
8.25 cm3 K mol-1 expected for a free Gd3+ ion (g = 2, SGd = 7/2) and 6bpyNO (g = 2, Srad = 1/2). 
The mT value decreases around 100 K on cooling, indicating the presence of considerably 
strong antiferromagnetic coupling. This decrease can be attributed to the coupling origin 
because of the spin-only character of a Gd3+ ion and 6bpyNO. The mT value approaches 6.06 
cm3 K mol-1 at 9 K, which corresponds to the ground Stotal = 3 state (6.0 cm3 K mol-1 in theory), 
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indicating the presence of a dominant intramolecular antiferromagnetic coupling to give a 
ferrimagnetic ground state. Moreover, the mT value reached 5.43 cm3 K mol-1 at 1.8 K on 
further cooling. A very small intermolecular antiferromagnetic interaction is suggested but 
disregarded in the purpose of the present study. The experimental data for Gd-6bpyNO in 
9-300 K was analyzed with the expression (2.26) derived from a Heisenberg spin Hamiltonian,  
radGd
ˆˆ2ˆ SSJH  . The best fit was obtained with 2J/kB = –15.9(2) K and g = 2.024(1) (a solid line 
in Figure 3.3a). The exchange coupling constant is the largest of the Gd-nitroxide compounds 
ever known.2-4 
 
 a) b) 
 
 
 
 
 
 
 
Figure 3.3. (a) Temperature dependence of mT at 500 Oe (a) for Gd-6bpyNO. The solid line is 
calculated with the Heisenberg model. (b) M vs. B plots at 1.8 and 10 K for Gd-6bpyNO, and 
the solid lines are the theoretical curves based on the Brillouin function with Stotal = 3. For 
details, see the text.  
 
 The field dependence of magnetizations (M) at 2 and 10 K are shown in Figure 3.3b. The 
calculated curves from the Brillouin function (eq. (2.13)) with Stotal = 3 and g = 2 (solid lines) 
almost reproduce the experimental data (open circles). The presence of the antiferromagnetic 
Gd-radical coupling was confirmed by this experiment. The observed M values, however, 
slightly exceeded the calculation at 10 K. This finding is partially explained in terms of the 
contribution from the excited Stotal = 4 state. 
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3.2.3. Magneto-Structural Relationship 
a) b) c) 
 
 
 
 
 
 d) e) 
 
 
 
 
 
Scheme 3.2. Structural formulas of (a) NN, (b) IN, (c) ArNO, (d) SQ, and (e) the N23- anion 
radical with the normalization factors. For details, see the text. 
 
Figure 3.1 displays the magneto-structural relation according to Table 3.2, when the normalized 
exchange constant J is plotted against the dihedral angle (||) between the Gd–X–Y and X–Y–
–conjugated planes. The torsion angle around Gd-X-Y-Csp2 is a representative to describe this 
geometry. Note that the present plot has been generalized from the previous one,2 including the 
semiquinone and N23– systems as well as the imino and nitronyl nitroxide compounds. Namely, 
the X-Y groups stand for O-N, N-C, O-C, N-N, and others. Generally, the magnetic exchange 
coupling is proportional to the spin density at the interacting atoms.8 In order to clearly 
understand the magneto-structural relationship, each J value should be normalized depending on 
the spin density at the ligating atom, as described above (Scheme 3.2). The normalized 
exchange coupling is defined as J = Jexp/ where Jexp is a coupling constant from the 
experimental data, and  is a spin density at the interacting atom of a paramagnetic ligand. For 
nitronyl nitroxides (○) and imino nitroxides (△), the factors f (= 1/ are 3.6 and 4.2, 
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respectively, compared to the 100% spin density, because the polarized neutron diffraction 
study clarified  of 0.277(13) for the phenyl nitronyl nitroxide oxygen atom14 and 0.236(7) for  
 
Table 3.2. Coordination polyhedra, exchange coupling constants, and dihedral angles of 
gadolinium(III)-radical compounds. † 
Compound  2J kB-1 / K  / º Shape measures (s)-(v) (the 1st, 2nd, and 3rd solutions) Ref 
[Gd(hfac)3(phNO)(H2O)] +18.0 
70.3 
69.2 
TDD 0.820 SAPR 1.409 BTPR 1.490 
Chapter 6 
SAPR 1.268 BTPR 1.353 TDD 1.835 
[Gd(hfac)3(3tolNO)(H2O)] +16.7 
72.3 
77.8 
BTPR 1.025 SAPR 1.394 TDD 1.514 
Chapter 6 
BTPR 0.989 SAPR 1.433 TDD 1.840 
[Gd(hfac)3(NITPh-3-Br-4OMe)2] (a) +16.4 79.96 TDD 0.340 SAPR 1.718 BTPR 2.416 3k 
[Gd(NO3)3(nittrz)2] (b) +8.77 53.8 JBCSAPR 3.223 JSPC 3.511 TD 6.295 3d 
[Gd(hfac)3(4tbphNO)(H2O)] +7.5 
58.2 
61.3 
SAPR 0.737 TDD 1.034 BTPR 1.416 
Chapter 6 
SAPR 0.552 TDD 1.527 BTPR 1.688 
[Gd(hfac)3(NIT-5-Br-3py)]2 (c) +7.44 93.85 TDD 0.301 BTPR 2.598 JSD 2.761 1c 
[Gd(hfac)3(NITPhiPr)2] (d) +6.92 84.6 TDD 0.159 SAPR 1.965 BTPR 2.312 3l 
[Gd(hfac)3L2] (e) +6.9 87.6 TDD 0.285 SAPR 2.081 BTPR 2.678 3m 
[Gd(hfac)3(NITPhPO(OEt)2)]2 (f) +4.98 90.11 TDD 0.714 SAPR 1.295 BTPR 1.656 3h 
[Gd(hfac)3(NITBzImH)] (g) +4.89 38.3 SAPR 0.434 TDD 1.762 BTPR 1.967 3a 
[Gd(hfac)3(NIToPy)]･0.5C7H16 (h) +4.36 50.1 SAPR 1.003 TDD 1.407 BTPR 1.534 3c 
[Gd(hfac)3(NITPhOCH3)2] (i) +4.26 83.32 TDD 0.219 SAPR 1.776 BTPR 1.991 3f 
[Gd(hfac)3(NITPh(OCH3)3)]2 (j) +4.20 91.92 TDD 0.238 SAPR 1.917 BTPR 2.263 3g 
[Gd(hfac)3(HNN)3] (k) +3.86 42.6 TCTPR 0.460 CSAPR 0.480 MFF 0.927 3j 
[Gd(hfac)3(HNN)2] (k) +2.61 45.2 SAPR 0.253 BTPR 2.115 TDD 2.330 2 
[Gd(hfac)3(NITPh)2] (l) +1.77 88.07 TDD 0.177 BTPR 1.889 SAPR 1.969 3b 
[Gd(hfac)3(NITPhOCH2Ph)2] (m) +1.77 81 TDD 0.452 SAPR 1.131 BTPR 1.869 1d 
[Gd(hfac)3(NITPhOEt)2] (n) +0.772 82.95 TDD 0.270 SAPR 1.605 BTPR 1.832 1d 
[Gd(hfac)3(NITPhOC4H9)2] (o) +0.273 83.57 TDD 0.262 SAPR 1.643 BTPR 1.828 3i 
[Gd(NO3)3(NITBzImH)2] (g) –6.93 36.0 JSPC 3.043 TD 3.484 JBSAPR 3.910 3e 
[Gd(hfac)3(IMBzImH)] (p) -7.4 5.59 SAPR 0.633 TDD 1.759 BTPR 1.825 3a 
[Gd(hfac)3(IM-2py)] (q) -8.628 17.53 TDD 0.791 BTPR 1.561 SAPR 1.937 4 
[Gd(hfac)3(2pyNO)(H2O)]  -13.8 19.5 CSAPR 0.715 MFF 1.010 TCTPR 1.085 2 
[Gd(hfac)3(6bpyNO)]  -15.9 16.6 CSAPR 0.258 MFF 1.000 TCTPR 1.086 this work 
[Gd(Hbpz3)2(dtbsq)]･2CHCl3 (r) -16.4 4.73 SAPR 1.060 TDD 1.169 BTPR 1.978 5 
[K(18-crown-6)]{[(Me3Si)2N]2(THF)Gd}2 -38.8 0 SPY 7.831 TBPY 11.107 vOC 12.361 6 
 
the iminyl nitrogen atom in m-nitrophenyl imino nitroxide.15 For the ArNOs (□), the J values 
were corrected by f = 2.5, after the spin densities (= 0.40) were estimated from the ESR 
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hfsc11,14 according to the McConnell equation.16 For the semiquinonates (▽), the factor f has 
been 3.0 estimated from the hfsc of the phenoxy 17O atom for non-substituted o-semiquinone.17 
For the N23– anion radical (◇), the factor f has been 2, because the radical spin localizes at just 
two nitrogen atoms. 
 The present data point with  = 16.5(5)º and 2J/kB = –17.4 K has been superposed to Figure 
3.1. This exchange coupling constant has been revised from –15.9(2) K to –17.4 K by means of 
the pulsed-field magnetization measurements using a 65-T class magnet (for details, see Chapter 
4). Also, three ferromagnetic Gd compounds (Gd-L; L = phNO, 3tolNO, and 4tbphNO) are 
superposed to Figure 3.1 (for details, see Chapter 6). Some Gd–radical chelates exhibit 
antiferromagnetic couplings, but in contrast Gd–radical compounds without chelation are likely 
to show ferromagnetic couplings.2,3b-m Namely, antiferromagnetic coupling is observed only 
when the Gd-O-N-Csp2 configuration is planar.  
3.3. Discussion 
The antiferromagnetic coupling observed here can be understood as follows. All the 4f orbitals 
in a Gd3+ ion carry a spin. Although the 4f lobe directions are unclear at present, it can be 
assumed that there would be appreciable orbital overlaps between the magnetic Gd 4f and 
nitroxide * orbitals. Such overlap contributes antiferromagnetic Gd-radical coupling (Figure 
3.4a). The observed magnetic interaction usually consists of the sum of ferro- and 
antiferromagnetic terms, J = JFO + JAF.18 Kahn et al. have proposed19 the charge transfer (CT) 
mechanism for the ferromagnetic couplings often observed in 4f-3d compounds.19-21 The CT 
occurs through possible Gd(5d)–Cu(3d) interaction. The magnetic orbital of the Cu2+ ion is 
located on the basal plane, and the coplanar GdO2Cu bridging structure favors the CT and 
accordingly ferromagnetic coupling.19-22 On the other hand, the nitroxide has a * magnetic 
orbital perpendicular to the molecular plane. The CT through Gd(5d)–nitroxide(*) interaction 
as shown Figure 3.4b would be responsible for the ferromagnetic coupling favorable when the 
Gd-O-N-Csp2 structure is twisted.2 The 3d-* orbital overlap is well established using 3d metal 
ions and nitroxide radicals.‡ Namely, more twisted coordination brings about more 3d-* orbital 
overlap. Taking similarity of the 3d and 5d symmetry into account, the CT mechanism is 
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supposed to be plausible in the Gd-nitroxide systems. The planar Gd-nitroxide coordination 
structure forbids the ferromagnetic interaction, leaving the intrinsic antiferromagnetic 
contribution obvious. The critical torsion angle is estimated to be 40(2)°.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4. (a-b) (left) Charge transfer configurations of the Gd-radical systems and (right) the 
corresponding schematic drawings of the orbital interactions. 
 
 One may wonder if molecular-orbital calculation can settle an issue on the possible 
magneto-structural relationship as shown in Figure 3.1. The density functional theory (DFT) 
actually answered many questions on the determination of exchange constants in 3d-3d homo-24 
and 2p-3d heterospin systems,25 but there has still been a problem on a choice of the basis set 
and Hamiltonian reliable for Ln-related compounds even in recent years.26 Rajaraman and 
co-workers26 reported the DFT calculation results on the known various Gd-radical compounds 
and agreed with the analysis based on the importance of the Gd-O-N-C torsion. 
 Finally, the coordination polyhedra of Gd-2pyNO and -6bpyNO can be described as a 
CSAPR. A capping atom in CSAPR is located with a long coordination bond, and both SAPR 
and CSAPR have a four-fold symmetry. The crystal fields of SAPR and CSAPR seem to be 
similar to each other. Wide-ranging ferro-/antiferromagnetic Gd-radical couplings occur in this 
category. It is concluded that the coordination torsion would be essential in the series of a 
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similar structure. Short Gd-Onitroxide bonds also play an auxiliary role as scaling the magnitude of 
the exchange coupling. 
3.4. Conclusion 
This study has demonstrated the successful application of the proposed magneto-structure 
relationship (Figure 3.1) and recorded the strongest exchange coupling in Gd-nitroxide 
heterospin systems. From Figure 3.1, |2J|/kB would be expected to reach the 20-K class, but 
normal coordination bonds are assumed here.  The very large antiferromagnetic coupling in the 
Gd-N23–-Gd triad6 may afford a clue to a breakthrough to explore much larger exchange 
couplings (Figure 1.2). Furthermore, the interaction involving a Gd3+ ion is essential to 
understand those of other Ln analogs. The magnitude of the coupling can be quantitatively 
estimated according to the chemical trend found throughout the Ln-complex series.21,27 
Calculation work is a future study, but the present empirical relation is a reliable guiding 
principle to predict exchange coupling in Ln-radical heterospin systems.  
3.5. Experimental Section 
Synthesis of [GdIII(hfac)3(6bpyNO)] (Gd-6bpyNO). 
N-2,2’-bipyridin-6-yl-N-tert-butylhydroxylamine (6bpyNOH)7 (24.7 mg, 0.101 mmol) was 
oxidized with Ag2O (72.1 mg, 0.311 mmol) in dichloromethane (4 mL) at room temperature for 
1 h. The resultant black solid was filtered off. After a n-heptane solution (45 mL) of 
[GdIII(hfac)3(H2O)2]12 (79.5 mg, 0.0976 mmol) was boiled and concentrated to ca. 10 mL, the 
above 6bpyNO solution was added to it while hot. The mixture was allowed to stand in a 
refrigerator. Orange prismatic polycrystals were precipitated. The yield was 56.6 mg (0.0554 
mmol, 56%). Mp. 164-166 °C (decomp.). Anal. Calcd. for C29H19N3O7F18Gd1: C, 34.12; H, 
1.88; N, 4.12%. Found: C, 33.83; H, 1.90; N, 4.22%. IR (neat, ATR) 1652, 1488, 1250, 1190, 
1136, 1096, 795, 772, 659, 582 cm-1. 
Single crystal X-ray diffraction. A general method (Section 2.2.2) was applied to the 
crystallographic analysis of Gd-6bpyNO. Selected crystallographic data and geometrical 
parameters are listed in Table 3.1. CCDC number 1048989. 
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Magnetic measurements. For a general method of dc magnetic susceptibility and 
magnetization measurements for Gd-6bpyNO, see to Experimental section in Chapter 2. 
3.6. References and Notes 
† The abbreviations of compounds are listed below, and the structure formulas of compounds 
are also shown in Figure 3.5. (a) NITPh-3-Br-4OMe = 
2-(3-bromo-4-methoxyphenyl)-4,4,5,5-tetramethylimidazolin-1-oxyl 3-oxide; (b) nittrz = 
2-(4,5-dimethyl-4H-1,2,4-triazole-3-yl)-4,4,5,5-tetramethylimidazolin-1-oxyl 3-oxide; (c) 
NIT-5-Br-3py = 2-(5-bromo-3-pyridyl)-4,4,5,5-tetramethylimidazolin-1-oxyl 3-oxide; (d) 
NITPhiPr = 2-(4-isopropylphenyl)-4,4,5,5-tetramethylimidazolin-1-oxyl 3-oxide; (e) L = 
2-[1-(4-methylquinolin-2-yl)-1H-pyrazol-4-yl]-4,4,5,5-tetramethylimidazolin-1-oxyl 3-oxide; 
(f) NITPhPO(OEt)2 = 2-(4-diethoxyphosphorylphenyl)-4,4,5,5-tetramethylimidazolin-1-oxyl 
3-oxide; (g) NITBzImH = 2-(2-benzimidazolyl)-4,4,5,5-tetramethylimidazolin-1-oxyl 3-oxide; 
(h) NIToPy = 2-(2-pyridyl)-4,4,5,5-tetramethylimidazolin-1-oxyl 3-oxide; (i) NITPhOCH3 = 
2-(4-methoxylphenyl)-4,4,5,5-tetramethylimidaozlin-1-oxyl 3-oxide; (j) NITPh(OCH3)3 = 
2-(3,4,5-trimethoxyphenyl)-4,4,5,5-tetramethylimidazolin-1-oxyl 3-oxide; (k) HNN = 
4,4,5,5-tetramethylimidazolin-1-oxyl 3-oxide; (l) NITPh = 
2-phenyl-4,4,5,5-tetramethylimidazolin-1-oxyl 3-oxide; (m) NITPhOCH2Ph = 
2-(4-benzyloxyphenyl)-4,4,5,5-tetramethylimidazolin-1-oxyl 3-oxide; (n) NITPhOEt = 
2-(4-ethoxyphenyl)-4,4,5,5-tetramethylimidazolin-1-oxyl 3-oxide; (o) NITPhOC4H9 = 
2-(4-butoxyphenyl)-4,4,5,5-tetramethylimidazolin-1-oxyl 3-oxide; (p) IMBzImH = 
2-(2-benzimidazolyl)-4,4,5,5-tetramethylimidazolin-1-oxyl; (q) IM-2py = 
2-(2-pyridinyl)-4,4,5,5-tetramethylimidazolin-1-oxyl; (r) Hbpz3 = hydrotris(pyrazolyl)borate, 
dtbsq = 3,5-di-t-butylsemiquinonate.  
 The abbreviations of coordination polyhedra are listed below. (s) Five-coordination 
polyhedra: SPY = Square pyramid. TBPY = Trigonal bipyramid. vOC = Vacant octahedron. (t) 
Eight-coordination polyhedra: TDD = Triangular dodecahedron. SAPR = Square antiprism. 
BTPR = Biaugmented trigonal prism. JSD = Snub disphenoid. (u) Nine-coordination polyhedra: 
TCTPR = Tricapped trigonal prism. CSAPR = Capped square antiprism. MFF = Muffin. (v) 
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Ten-coordination polyhedra: JBCSAPR = Bicapped square antiprism. JSPC = Sphenocorona. 
TD = Tetradecahedron. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. Structural formulas of radical compounds in this section except for phNO, 3tolNO, 
4tbphNO, 2pyNO, 6bpyNO, and N2 anion radical.  
 
‡ For 3d-2p heterospin compounds, Okazawa and co-workers proposed the magneto-structural 
relationship between the exchange coupling J and torsion angle || around M-O-N-Csp2 (MII = 
Cu and Ni) as shown in Figure 3.6.23  
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Figure 3.6. Plot of the observed exchange coupling constant (2J) vs. M-O-N-Csp2 torsion angle 
(||) as a magneto-structural relationship (M2+ = Ni and Cu). Symbols: ○ and □ stand for the 
complexes with NN and ArNO, respectively. The reported 2J for ArNO complexes are 
multiplied by the normalized factor of 1.4 (for details, see Ref 23b).   
 
 According to this relation, more planar chelates between M and radical sites favor the 
stronger ferromagnetic coupling. This can be explained in terms of the orbital orthogonality 
between metal and radical spins. It is known that the Cu2+ ion has a paramagnetic spin at 3dx2-y2, 
while the Ni2+ ion has two paramagnetic spins at 3dx2-y2 and 3dz2. The 3dx2-y2–* interaction 
dominantly contributes to the observed 2J, although 3dz2 is orthogonal to * as well. When the 
M-O-N-Csp2 structure is planar, the 3dx2-y2 and *orbitals are orthogonal each other, and 
accordingly ferromagnetic coupling is operative.   
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Chapter 4 
Exchange Coupling Evidenced with a Magnetization 
Jump by Using a Pulsed-Field Facility 
Abstract 
Gd-6bpyNO ([GdIII(hfac)3(6bpyNO)]; 6bpyNO = 2,2-bipyridin-6-yl tert-butyl nitroxide, Hhfac 
= 1,1,1,5,5,5-hexafluoropentane-2,4-dione) showed a magnetization jump at 52 T observed in a 
pulsed-field facility, corresponding to the coupling constant of –17.4 K. From the 
high-frequency EPR study, the exchange coupling between Gd and radical spins accompanies 
an anisotropic character, which is responsible both for the broad jump and the slow 
magnetization reversal observed as hysteresis in 2 T. 
4.1. Introduction 
Knowledge of magnetic properties in the ground and excited spin configurations as well as 
magnetically anisotropic behavior is a prerequisite for understanding and modelling 4f-based 
functional materials. The magnetic study on a Gd3+ spin in various exchange-coupled systems is 
important to clarify magnetic properties of Gd materials1-3 and apply the findings to heavy Ln 
systems.4 The exchange coupling is an ingredient for SMMs with respect to an exchange-bias 
field.5  
 Nitroxide radicals have easily accessible, handling nature, and furthermore ligating ability, 
as described in the preceding chapter. Gd-radical compounds having both record ferromagnetic 
and antiferromagnetic couplings in the Gd-nitroxide family have been prepared, according to 
the molecular design (cf. Chapters 3 and 6). Gd-6bpyNO possesses the largest 
antiferromagnetic exchange coupling (2J/kB = –15.9(2) K, radGd
ˆˆ2ˆ SSJH  ) in Gd-nitroxide 
compounds.  
 In this chapter, using a facility of a very high magnetic field of a 65-T class, the 
magnetization step for Gd-6bpyNO has been observed, assignable to the radical spin-flip at the 
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highest field ever known in the 4f-2p compounds. The exchange coupling constant was derived 
as –17.4 K. The present value is more reliable than the previous one, as explained below, and 
now revises and improves the largest antiferromagnetic coupling constant in Gd-nitroxide 
compounds.  
4.2. Results 
4.2.1. Pulsed-Field Magnetization 
 
 
 
 
 
 
 
 
Figure 4.1. Pulsed-field magnetization and the corresponding dM/dB vs. B plots for 
Gd-6bpyNO, measured at 1.4 K. Two data were merged; one is obtained in a 65-T sweep to 
record a magnetization jump at 52 T and the other is given in a 16-T sweep to envisage a 
magnetic hysteresis. The inset shows the structural formula of Gd-6bpyNO. 
The results of pulsed-field magnetization experiments6 at 1.4 K are displayed in Figure 4.1. The 
magnetization in 10-40 T is 6 B, which means the ground Stotal = 3 state owing to the 
antiferromagnetic coupling between Gd3+ (SGd = 7/2) and radical (Srad = 1/2) spins. The 
magnetization tends to saturate in higher fields and actually reaches 8 B at 60 T. The 
magnetization jump appeared around 52 T with a gap of 2 B due to the spin-flop of the radical 
spin; namely, the energy-level crossing occurs around 52 T between the ground 
antiferromagnetic state (Stotal = 3) and the first excited ferromagnetic state (Stotal = 4). The 
level-crossing field and accordingly the Gd-radical interaction are in the highest class among 
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4f-2p compounds. Interestingly, the jump is gradual around 52 T with an approximate width of 
15 T, indicating the presence of anisotropic nature. Generally, when an exchange coupling is 
isotropic, the magnetization jump would show a narrower width (Figure 4.2, a blue dotted line). 
In the present case, anisotropic components (2Jx ≠ 2Jy ≠ 2Jz)7 should be considered for the 
exchange coupling. Details will be given after the EPR spectral analysis. 
 
 
 
 
 
 
 
 
 
Figure 4.2. Pulsed-field magnetization and the corresponding dM/dB (data; black lines) and 
simulation (calc.; blue and red dotted lines) for Gd-6bpyNO at 1.4 K. A blue dotted line 
represents a simulation with isotropic exchange coupling (2Jx/kB = 2Jy/kB = 2Jz/kB = –17.4 K). A 
red dotted line represents a simulation with the same anisotropic exchange coupling as that of 
the pulsed-field EPR simulation in Figure 4.6c. 
4.2.2. Dynamic Magnetic Properties 
As another characteristic feature in the magnetization curve, a hysteresis loop was observed in 
ca. 5 T (Figure 4.1). The hysteresis width showed sweep-rate dependence (Figure 4.3), which is 
a typical SMM behavior originating in the dynamics of slow magnetization reversal. On 
applying a field, the magnetization sharply increased to ca. 2 B, and then hysteretic behavior 
started (Figures 4.1 and 4.3). On approaching B = 0 T, the magnetization sharply dropped. Such 
behavior has often been found as an unsuppressed QTM.  
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Figure 4.3. Pulsed-field magnetizations showing sweep-rate dependence for Gd-6bpyNO 
measured at 1.4 K. The static-field magnetization was recorded on a SQUID magnetometer at 
1.8 K. Inset shows the field-sweep schemes in the pulsed-field measurements. The 
magnetization data on removing a field with a rate of 10 T/ms showed a noise at ca. 1 T, 
resulting from a break of the field sweep. 
 
  
 
 
 
 
 
 
 
Figure 4.4. Ac magnetic susceptibilities for polycrystalline Gd-6bpyNO at Hdc = 0 Oe. 
 
 Furthermore, we measured the ac magnetic susceptibilities for Gd-6bpyNO at Hdc = 0 and 
2000 Oe (Figures 4.4 and 4.5). In zero dc field, no appreciable out-of-phase portionac” was 
recorded (Figure 4.4). On the other hand, at an applied dc field of 2000 Oe, a frequency 
dependence of both in-phase and out-of-phase signals was observed, thanks to a possible 
suppressed  
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a) b) 
 
 
 
 
 
 
 
Figure 4.5. Temperature dependence of (a) ’ and (b) ” components of ac magnetic 
susceptibilities for polycrystalline Gd-6bpyNO at Hdc = 2000 Oe. 
 
a) b) 
 
 
 
 
 
 
 
Figure 4.6. Temperature dependence of (a) ’ and (b) ” components of ac magnetic 
susceptibilities for polycrystalline Gd-6bpyNO in a frozen toluene solution (1.3 mmol L-1), 
measured an applied dc bias field of 2000 Oe. 
 
QTM (Figure 4.5). To investigate the origin of the slow relaxation of magnetization, we 
measured the ac magnetic susceptibilities of a frozen solution of Gd-6bpyNO (1.3 mmol L-1 in 
toluene, Figure 4.6) at Hdc = 2000 Oe. The solution data exhibited frequency-dependence near 
and below 2 K. This finding supports the slow reversal of magnetization, which is ascribable to 
a single-molecule origin. Several Gd compounds have already been reported to show the slow 
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relaxation owing to the magnetic anisotropy of the Gd ion.8,9 On the other hand, in the 
measurements on the solid specimen the ac” peak position is rather insensitive to frequency. 
This finding suggests the presence of multiple relaxation processes including a pathway via 
intermolecular interaction in the solid. Nevertheless, the magnetization showing relatively slow 
reversal is present in any form. 
4.2.3. High-Frequency Electron Paramagnetic Resonance (HF-EPR) 
a) b) 
 
 
 
 
 
 
 
 c) 
 
 
 
 
 
 
 
Figure 4.7. (a) Selected HF-EPR spectra of Gd-6bpyNO measured at 4.2 K. The spectra are 
offset in a linear scale of the frequency. A dash line is drawn from linear fitting of the highest 
peak position in the frequency-field plot. (b) Temperature dependence of HF-EPR spectra at 190 
GHz. (c) EPR simulation results: powder averaged (a blue dotted line) and partially 
field-aligned (a red dotted line) conditions. The experimental spectrum is superposed. For 
details of the simulation, see the text. 
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In order to understand the anisotropic exchange coupling in Gd-6bpyNO, high-frequency 
electron paramagnetic resonance (HF-EPR)10 spectra were collected in a wide frequency range 
at 4.2 K (Figure 4.7a). The spectral profiles were typical of powder EPR absorption, and the 
resonant magnetic field moved to a higher field in proportion to microwave frequency. As a 
green dashed line shows, the g value was 1.981(6) from the slope of the strongest peak in the 
frequency-field plot. A step-like structure appeared as exemplified with the spectra at 190 and 
270 GHz. In the 190 GHz data, there were at least six peaks or jumps at 6.1, 6.4, 6.7, 7.1, 7.3, 
and 7.7 T (Figure 4.7b), which occur with almost equally spacing of the field, and the spacing 
seems to be independent from the frequency. These findings strongly suggest that this structure 
would originate in the ZFS. Figure 4.7b also shows the EPR spectra as a function of temperature 
for Gd-6bpyNO at 190 GHz. All of the peaks and jumps exhibited coherent suppression on 
heating, indicating the transitions from a unique ground state. The observed step positions are 
compatible with a multiplet like a S = 3 species showing possible transitions regulated by the 
EPR selection rule (ms = ±1). This finding is compatible with the magnetic study clarifying the 
relatively strong antiferromagnetic coupling (cf. Chapter 3). 
 The HF-EPR spectrum recorded at 190 GHz was simulated using EasySpin11 in order to 
determine the quantity of magnetic anisotropy. This simulation needs to satisfy reproducibility 
both on the magnetization and HF-EPR measurements. At the first stage, conventional ZFS 
parameters due to the Gd3+ ion were adopted for the analysis of magnetic anisotropy in Gd 
compounds.8 In this case, the simulation almost reproduced the EPR spectra, but did not 
reproduce the wide transition between 45 and 60 T. Therefore, at the next stage we focused on 
the anisotropic exchange coupling (2Jx ≠ 2Jy ≠ 2Jz).7 
 The EPR spectra can be analysed using the following spin Hamiltonian7b. 
 radradGdGdBradGdradGdiso ˆˆˆˆ2ˆ SgSgHSSSSJH  D  - (4.1) 
where 2Jiso is a scalar accounting for the isotropic exchange coupling, D is a traceless tensor 
accounting for the anisotropic contribution, g is the Landé factor, B is the Bohr magneton, and 
H is the external applied magnetic field. The Jiso and D parameters can also be represented as 
the following equations. 
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 Jiso = (Jx + Jy + Jz)/3 - (4.2) 
 Dexc = Jz – (Jx + Jy)/2 - (4.3)  
 Eexc = (Jx – Jy)/2 - (4.4) 
where Dexc and Eexc are the parts of the tensor D.7c The calculated powder-averaged spectrum is 
drawn in Figure 4.7c (a blue dashed line) for gGd = 1.98 for the Gd3+ ion (SGd = 7/2), grad = 2.01 
for the radical (Srad = 1/2), 2Jx/kB = –16.2 K, 2Jy/kB = –17.5 K, 2Jz/kB = –18.5 K, and a line width 
of 50 mT. The calculated peak intensity was normalized with the highest peak in the 
experimental spectrum. Each jump position in the simulation agrees very well with the 
corresponding experimental one.12 On the other hand, the relative signal intensity was not so 
well reproduced. 
 
 
 
 
 
 
 
 
 
Figure 4.8. Static-field EPR spectra of Gd-6bpyNO measured at 190 GHz and 4.2 K (a black 
line). Two EPR simulation results are superposed; powder averaged (a blue dotted line) and 
partially field-aligned (a red dotted line) conditions. The parameters in the simulation are the 
same as those of the simulation for the pulsed-field EPR data in Figure 4.5c, except for the order 
parameters (1 = –0.5 and 2 = –0.2) and line width (200 mT). 
 
 The sample was not fixed within the sample tube, and accordingly the sample would 
partially be aligned along the magnetic field direction.13 The order parameter  corresponding 
to the field-alignment14 is introduced for the present simulation, and the result is displayed in 
Figure 4.7c (a red dashed line), when the latitudinal and longitudinal order parameters are 
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chosen as 1 = –0.8 and 2 = –0.3, respectively.† The relative signal intensity of the final 
simulation curve is almost consistent with that of the experiment. Static-field EPR 
measurements were performed to eliminate a possibility of the dynamics accompanying the 
anisotropic behavior. Eventually, the absorption profile (Figure 4.8) was practically identical to 
the pulsed-field one. Furthermore, the simulated magnetization curve using the same parameters 
almost reproduced the experimental curve, especially for the broadened transition width (Figure 
4.2, a red dotted line).15 
4.3. Discussion 
The present 2Jiso/kB = –17.4 K is compatible with the exchange coupling obtained from the dc 
magnetic susceptibility measurement (2J/kB = –15.9(2) K), but the present value was improved 
by 9.4%. The present one is more reliable, because the previous (T) method based on the van 
Vleck equation disregarded ZFS and magnetically anisotropic effects. 
 
 
 
 
 
 
 
Figure 4.9. Structure of the coordination polyhedron (CSAPR) and the Gd-Ncap and 
Gd-O1(-N1) directions in Gd-6bpyNO. 
 
 The following is a possible explanation for the origin of the magnetic anisotropy. The 
two-centered Gd-radical core is regarded as a linear spin array, so that the exchange coupling in 
the direction of the molecular Gd-radical axis must be unique. In addition, the Onitroxide atom is 
located at a corner of the upper rim in the CSAPR coordination polyhedron, so that the 
perpendicular directions are differentiated (Figure 4.9). Although the assignment of the 
molecular axis to the principal J axis has not yet been clear, the structural feature guarantees the 
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anisotropic condition 2Jx ≠ 2Jy ≠ 2Jz. This mechanism becomes obvious in such a strongly 
coupled system like Gd-6bpyNO.  
4.4. Conclusion 
Gd-6bpyNO shows the magnetization jump and the hysteresis loop. From the EPR study, the 
anisotropic exchange coupling was quantitatively analysed. It is assumed that the anisotropic 
exchange coupling as well as the low-symmetry crystal field would be a promising approach for 
a molecular design of the slow magnetization relaxation of a Gd3+ ion and possibly 
heavy-lanthanoid ions. 
4.5. Experimental Section 
Materials. [GdIII(hfac)3(6bpyNO)] (Gd-6bpyNO) was synthesized according to the method 
previously reported (Chapter 3). 
Magnetic measurements. High-field magnetization measurements of polycrystalline 
Gd-6bpyNO were performed on pulsed-field non-destructive magnets built at the Institute for 
Solid State Physics, The University of Tokyo, by the induction method using pickup coils with 
duration times of ca. 4 ms (blue lines in Figures 4.1, 4.2, and 4.3) and ca. 10 ms (red lines in 
Figure 4.3).6 The magnetization data were calibrated so as to reproduce the low-field data in 7 T 
measured on a Quantum Design MPMS-XL SQUID magnetometer. For a general method of ac 
magnetic susceptibility measurements for Gd-6bpyNO, see Experimental section in Chapter 2. 
The ac values were calibrated with the SQUID data (cf. Chapter 3). 
HF-EPR measurements. HF-EPR spectra for polycrystalline Gd-6bpyNO were measured 
between 95 and 270 GHz at temperatures from 4.2 K to 40 K by using the TESRA-P EPR 
spectrometer installed at the Institute for Materials Research of Tohoku University.13 Static-field 
EPR spectra were recorded at 190 GHz and 4.2 K by using the 20 T superconducting magnet at 
High-Field Laboratory for the Superconducting Materials, the Institute for Materials Research 
of Tohoku University. The sample was packed in a case made of polyethylene. Gunn oscillators 
were used as radiation sources, and InSb was used as a detector. 
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4.6. References and Notes 
† In order to introduce the partial field-alignment, the following orientation distribution factors 
P() and P() are used:15a  
P() = exp(1(3cos2 – 1)/2) 
P() = exp(2(3cos2 – 1)/2) 
 
a) b) 
 
 
 
 
 
 
Figure 4.10. (a) Orientation distribution factors (a) as -dependence and (b) as -dependence in 
the simulations with 1 = –0.8 and 2 = –0.3 for the pulsed-field EPR spectra and with 1 = –0.5 
and 2 = –0.2 for the static-field EPR spectra. 
 
where  is the angle between the molecular z axis and the static magnetic field (0 ≤  ≤ ),  is 
the rotation angle around the z axis (0 ≤  ≤ 2), and 1 and 2 are the order parameters. The 
factors utilized in the simulations for the pulsed-field and static-field EPR spectra are shown in 
Figure 4.10. 
 
1. (a) Costes, J. –P.; Clemente-Juan, J. M.; Dahan, F.; Nicodéme, F.; Verelst, M. Angew. 
Chem. Int. Ed. 2002, 41, 323. (b) Hatscher, S. T.; Urland, W. Angew. Chem. Int. Ed. 
2003, 42, 2862.  
2. (a) Bencini, A.; Benelli, C.; Caneschi, A.; Carlin, R. I.; Dei, A.; Gatteschi, D. J. Am. 
Chem. Soc. 1985, 107, 8128. (b) Matsumoto, N.; Sakamoto, M.; Tamaki, H.; Okawa, H.; 
Kida, S. Chem. Lett. 1990, 853. (c) Andruh, M.; Ramade, I.; Codjovi, E.; Guillou, O.; 
Kahn, O.; Trombe, J. C. J. Am. Chem. Soc. 1993, 115, 1822.  
68 
 
3. (a) Benelli, C.; Caneschi, A.; Gatteschi, D.; Pardi, L.; Rey, P.; Shum, D. P.; Carlin, R. L. 
Inorg. Chem. 1989, 28, 272. (b) Kahn, M. L.; Sutter, J. –P.; Golhen, S.; Guionneau, P.; 
Ouahab, L.; Kahn, O.; Chasseau, D. J. Am. Chem. Soc. 2000, 122, 3413. (c) Rinehart, J. 
R.; Fang, M.; Evans, W. J.; Long, J. R. Nat. Chem. 2011, 3, 538. (d) Ishida, T.; 
Murakami, R.; Kanetomo, T.; Nojiri, H. Polyhedron 2013, 66, 183. (e) Caneschi, A.; Dei, 
A.; Gatteschi, D.; Sorace, L.; Vostrikova, K. Angew. Chem. Int. Ed. 2000, 39, 246. 
4. (a) Watanabe, R.; Fujiwara, K.; Okazawa, A.; Tanaka, G.; Yoshii, S.; Nojiri, H.; Ishida, 
T. Chem. Commun. 2011, 47, 2110. (b) Shimada, T.; Okazawa, A.; Kojima, N.; Yoshii, 
S.; Nojiri, H.; Ishida, T. Inorg. Chem. 2011, 50, 10555. 
5. (a) Gonidec, M.; Davies, E. S.; McMaster, J.; Amabilino, D. B.; Veciana, J. J. Am. Chem. 
Soc. 2010, 132, 1756. (b) Pineda, E. M.; Chilton, N. F.; Tuna, F.; Winpenny, R. E. P.; 
McInnes, E. J. L. Inorg. Chem. 2015, 54, 5930.  
6. Kindo, K.; Takeyama, S.; Tokunaga, M.; Matsuda, Y. H.; Kojima, E.; Matsuo, A.; 
Kawaguchi, K.; Sawabe, H. J. Low Temp. Phys. 2010, 159, 381.  
7. (a) Boča, R. Theoretical Foundations of Molecular Magnetism; Elsevier: Amsterdam, 
1999. (b) Figuerola, A.; Tangoulis, V.; Sanakis, Y. Chem. Phys. 2007, 334, 204. (c) 
Herchel, R.; Boča, R.; Krzystek, J.; Ozarowski, A.; Durán, M.; van Slageren, J. J. Am. 
Chem. Soc. 2007, 129, 10306. (c) Tangoulis, V.; Estrader, M.; Figuerola, A.; Ribas, J.; 
Diaz, C. Chem. Phys. 2007, 336, 74. 
8. (a) Orendáč, M.; Sedláková, L.; Čižmár, E.; Orendáčová, A.; Feher, A. Phys. Rev. B 
2010, 81, 214410. (b) Martínez-Pérez, M. J.; Cardona-Serra, S.; Schlegel, C.; Moro, F.; 
Alonso, P. J.; Prima-García, H.; Clemente-Juan, J. M.; Evangelisti, M.; Gaita-Ariño, A.; 
Sesé, J.; van Slageren, J.; Coronado, E.; Luis, F. Phys. Rev. Lett. 2012, 108, 247213. (c) 
Girginova, P. I.; Pereira, L. C. J.; Coutinho, J. T.; Santos, I. C.; Almeida, M. Dalton 
Trans. 2014, 43, 1897. (d) Arauzo, A.; Lazarescu, A.; Shova, S.; Bartolomé, E.; Cases, 
R.; Luzón, J.; Bartolomé, J.; Turta, C. Dalton Trans. 2014, 43, 12342. (e) Holmberg, R. 
J.; Ho, L. T. A.; Ungur, L.; Korobkov, I.; Chibotaru, L. F.; Murugesu, M. Dalton Trans. 
2015, 44, 20321.  
9. Ferbinteanu, M.; Cimpoesu, F.; Gîrţu, M. A.; Enachescu, C.; Tanase, S. Inorg. Chem. 
2012, 51, 40. 
10. Nojiri, H.; Ajiro, Y.; Asano, T.; Boucher, J. –P. New J. Phys. 2006, 8, 218.  
69 
 
11. Stoll, S.; Schweiger, A. J. Magn. Reson. 2006, 178, 42. 
12. One may wonder if an anisotropic g parameter should be included in simulation. We 
reproduced the step structure by using the anisotropic exchange coupling, and the 
simulation is satisfactory. The isotropic g parameter is sufficient for simulation. At this 
stage introduction of an anisotropic g parameter would lead to unreliable determination 
of g values. 
13. Okazawa, A.; Fujiwara, K.; Watanabe, R.; Kojima, N.; Yoshii, S.; Nojiri, H.; Ishida, T. 
Polyhedron 2011, 30, 3121. 
14. (a) Segre, U.; Pasimeni, L.; Ruzzi, M. Spectrochim. Acta A 2000, 56, 265. (b) Valentin, 
M. D.; Bisol, A.; Agostini, G.; Fuhs, M.; Liddell, P. A.; Moore, A. L.; Moore, T. A.; 
Gust, D.; Carbonera, D. J. Am. Chem. Soc. 2004, 126, 17074. 
15. There is a slight residue between the experimental and simulated magnetization curves; 
the experimental dM/dB curve shows a broader transition. Another simulation better 
reproduces the experimental data by applying the temperature shifted higher from the 
nominal one. However, it is not adopted in the simulations in Figure 4.2 or Figure 4.7c. 
 
 
  
70 
 
Chapter 5 
Single-Molecule Magnet Involving Strong 
Antiferromagnetic Coupling  
Abstract 
Novel rare-earth(III)-radical complexes [LnIII(hfac)3(6bpyNO)] (Ln-6bpyNO; Ln = Tb, Dy, Y; 
6bpyNO = 2,2’-bipyridin-6-yl tert-butyl nitroxide, Hhfac = 1,1,1,5,5,5-hexafluoropentane- 
2,4-dione) were synthesized. The intramolecular antiferromagnetic interaction in Ln-6bpyNO 
was indicated by the comparison with the magnetic properties of [LnIII(hfac)3(6bpyCO)] 
(Ln-6bpyCO; Ln = Tb, Dy; 6bpyCO = 2,2’-bipyridin-6-yl tert-butyl ketone) together with 
Y-6bpyNO. The Tb-6bpyNO complex showed magnetic hysteresis below 1.6 K. The 
frequency-dependent magnetic susceptibilities at an applied dc bias field of 2000 Oe lead to the 
effective energy barrier of Ueff/kB = 21.1(8) K in the Arrhenius analysis. In contrast, 
Tb-6bpyCO or Dy-6bpyNO did not behave as a SMM, in spite of practically the same crystal 
field. 
5.1. Introduction 
In the previous chapter, the Gd-radical complex (Gd-6bpyNO) has the record antiferromagnetic 
Gd-nitroxide coupling with 2J/kB = –15.9(2) K from the m(T) measurement and –17.4 K from 
the M(B) measurements. In general, Tb3+ and Dy3+ ions are the most promising for the 
development of SMMs as noted in Chapter 1.  
 
 
 
 
 
Scheme 5.1. Structural formulas of 6bpyNO and 6bpyCO. 
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 In this chapter, the corresponding Tb analogue, Tb-6bpyNO, has been synthesized, and the 
magnetic properties were investigated to write a prescription for new heterospin SMMs and to 
understand the role of the ligand spin introduced to SMMs. Also, the present chapter covers the 
empirical (mT) method1 using 2p-spin-masked 6bpyCO (Scheme 5.1) and clarifies the nature 
of intramolecular Tb-radical exchange coupling. A brief comment will be made on the chemical 
trend on the SMM behavior from the comparisons of the magnetic properties between Tb- and 
Dy-6bpyNO and between Tb- and Dy-2pyNO.  
5.2. Results 
5.2.1. Preparation and Crystal Structures 
a) b) 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
Figure 5.1. X-ray structures of (a) Tb-6bpyNO and (b) -6bpyCO. Thermal ellipsoids are 
drawn at the 50% probability level. Hydrogen atoms are omitted. Structure formulas are also 
shown. (c) The CSAPR coordination structure in Tb-6bpyNO.  
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Two Ln-6bpyNO (Ln = Tb, Dy, Y) compounds were synthesized according to the method for 
the Gd analogue with a slight modification (cf. Chapter 3); namely the Ln hfac salts were 
utilized in place of Gd hfac salt as a starting material. A Y3+ ion has often been used for a 
diamagnetic metal center because the ionic radius is close to those of heavy lanthanoid ions 
(0.90 Å for Y3+ vs. 0.94 Å for Gd3+, 0.92 Å for Tb3+, and 0.91 for Dy3+).2 The target compounds 
are stable under ambient conditions. Their fine crystals were subjected to various spectroscopic, 
X-ray crystallographic, and magnetic analyses without further purification. The crystallography  
 
Table 5.1. Selected crystallographic data, bond lengths (Å), bond angles (°), and torsion angles 
(°) for Ln-6bpyNO (Ln = Gda), Tb, Dy, Y) and Ln-6bpyCO (Ln = Tb, Dy). 
Compound Gd-6bpyNOa) Tb-6bpyNO Dy-6bpyNO Y-6bpyNO 
Formula C29H19F18N3O7Gd C29H19F18N3O7Tb C29H19F18N3O7Dy C29H19F18N3O7Y 
Formula weight 1020.71 1022.38 1025.96 952.36 
T / K 100 100 100 100 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 
Space group P21/n P21/n P21/n P21/n 
a / Å 13.467(3) 13.433(2) 13.411(3) 13.392(2) 
b / Å 17.045(4) 17.068(3) 17.090(4) 17.074(3) 
c / Å 16.692(4) 16.695(2) 16.673(3) 16.648(2) 
 / deg 105.43(1) 105.208(7) 105.195(9) 105.114(7) 
V / Å3 3694(2) 3693.8(9) 3688(2) 3675.0(9) 
Z 4 4 4 4 
Dcalc / g cm-3 1.835 1.838 1.848 1.721 
(MoK) / mm-1 1.939 2.049 2.168 1.728 
R(F)b) (I>2(I)) 0.0463 0.0424 0.0700 0.0633 
Rw(F2)c) (all data) 0.0482 0.0530 0.0729 0.0855 
Goodness-of-fit 1.148 1.098 1.062 1.037 
Number of unique 
reflections 
8548 8457 8439 8401 
Ln1-O1 / Å 2.373(4) 2.365(4) 2.341(7) 2.333(3) 
Ln1-N2 / Å 2.560(4) 2.550(3) 2.546(7) 2.539(3) 
Ln1-N3 / Å 2.568(4) 2.547(4) 2.541(7) 2.539(4) 
Ln1-O1-N1 / º 126.2(3) 126.3(3) 126.4(5) 126.1(3) 
Ln1-O1-N1-C1 / º –16.5(5) –16.6(5) –15.4(10) –15.4(5) 
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 Table 5.1. (continued). 
a) Chapter 3. b) R =  ||Fo| - |Fc||/ |Fo|. c) Rw = [w(Fo2 - Fc2)2/ w(Fo2)2]1/2. 
 
results are shown in Table 5.1. Complexes Ln-6bpyNO (Ln = Tb, Dy, Y) crystallize in a 
monoclinic P21/n space group, being completely isomorphous to Gd-6bpyNO (Figure 5.1a).  
The Ln center is nine-coordinated where two Ln-N and one Ln-O bonds from the chelate 
ligand (6bpyNO) are involved. Other six sites are occupied with hfac oxygen atoms. The 
coordination polyhedron can be best described as a CSAPR structure (Figure 5.1c) and further 
confirmed by using the SHAPE program.3 The N2 atom is located at the cap position. Magnetic 
axial anisotropy is expected in the direction of the cap. Important geometrical parameters related 
Compound Tb-6bpyCO Dy-6bpyCO 
Formula C30H19F18N3O7Dy C30H19F18N3O7Dy 
Formula weight 1020.39 1023.96 
T / K 100 100 
Crystal system Monoclinic Monoclinic 
Space group P21/n P21/n 
a / Å 13.456(3) 13.421(2) 
b / Å 17.130(3) 17.155(3) 
c / Å 16.654(3) 16.639(2) 
 / deg 105.460(8) 105.353(7) 
V / Å3 3700(1) 3694.2(9) 
Z 4 4 
Dcalc / g cm-3 1.832 1.841 
(MoK) / mm-1 2.045 2.163 
R(F)b) (I>2(I)) 0.0340 0.0472 
Rw(F2)c) (all data) 0.0434 0.0527 
Goodness-of-fit 1.077 1.086 
Number of unique  
reflections 
8481 8458 
Ln1-O1 / Å 2.396(3) 2.384(4) 
Ln1-N1 / Å 2.569(3) 2.557(4) 
Ln1-N2 / Å 2.559(3) 2.546(4) 
Ln1-O1-C30 / º 127.8(2) 127.7(3) 
Ln1-O1-C30-C1 / º –13.1(4) –12.3(6) 
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to the 4f-2p exchange interaction, such as interatomic distances (Ln-O1, Ln-N1, and Ln-N2), 
bond angles (Ln1-O1-N1), and torsion angles (Ln1-O1-N1-C1), are listed in Table 5.1. 
Ln-6bpyCO (Ln = Tb, Dy) as another reference compound was prepared and characterized 
(Figure 5.1b). It was isostructural to the 6bpyNO analogues from the crystallographic analysis 
(Table 5.1). A carbonyl group (C30-O1 in Figure 5.1b) provides a ligating oxygen atom in place 
of the nitroxide group (N1-O1 in Figure 5.1a). The Ln3+ ion in Ln-6bpyCO (Ln = Tb, Dy) 
holds the CSAPR polyhedron. The shape measures for Tb-6bpyNO, Tb-6bpyCO, Dy-6bpyNO, 
and Dy-6bpyCO are close to each other according to the SHAPE analysis;3 in particular, 0.241, 
0.249, 0.239, and 0.236, respectively, for CSAPR. This finding suggests that Ln-6bpyCO (Ln = 
Tb, Dy) is the best model reproducing the crystal field around the Ln3+ ion in Ln-6bpyNO (Ln 
= Tb, Dy).  
5.2.2. Magnetic Properties 
a) b) 
 
 
 
 
 
 
 
Figure 5.2. Temperature dependence of mT for Ln-6bpyNO (○; Ln = Tb (a), Dy (b)), 
Y-6bpyNO (□), and Ln-6bpyCO (△; Ln = Tb (a), Dy (b)), measured at 5000 Oe. Inset: the 
magnetization curves for Ln-6bpyNO (○) and Ln-6bpyCO (△) (Ln = Tb (a), Dy (b)), 
measured at 1.8 K.  
 
The dc magnetic susceptibilities of Ln-6bpyNO (Ln = Tb, Dy) were measured at an applied 
magnetic field of 5000 Oe in a temperature range 1.8-300 K (Figure 5.2). The polycrystalline 
specimen was fixed with a small amount of mineral oil to acquire powder-averaged data. The 
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mT value was 11.5 cm3 K mol-1 for Tb-6bpyNO at 300 K, being close to the theoretical one as 
the high-temperature limit, 12.2 cm3 K mol-1 from the sum of J = 6 with gJ = 3/2 for a free Tb3+ 
ion and S = 1/2 with g = 2 for an organic radical. On cooling, the mT value monotonically 
decreased to reach 5.17 cm3 K mol-1 at 2 K. Since powder samples were used, the major part of 
the reduction is ascribable to the anisotropy of the Ln3+ ion. Contribution of the exchange 
coupling between the Ln3+ and radical spins seems to be minor.  
 Very similarly, for Dy-6bpyNO, the mT value was 14.2 cm3 K mol-1 at 300 K, being close 
to the theoretical value, 14.6 cm3 K mol-1 from the sum of a free Dy ion (J = 15/2 with gJ = 4/3) 
and S = 1/2 with g = 2 for an organic radical. On cooling, the mT value monotonically 
decreased to reach 4.97 cm3 K mol-1 at 2 K.  
 In the 4f-3d heterospin systems, an empirical method has been well known, in which the 
mT difference between the heterospin compound and 3d-spin-masked reference is evaluated.1 
On the other hand, the corresponding research on 4f-2p systems seems to be considerably rare.5 
Several nitronyl nitroxide complexes have been modelled with nitrone complexes.5,6 
Alternatively, a succinimide has also been proposed as a diamagnetic model.7 In the present 
case, 6bpyCO is rationally assumed as a diamagnetic reference ligand for 6bpyNO. 
 
a) b) 
 
 
 
 
 
 
 
Figure 5.3.  Temperature dependence of mT for the Tb (a) and Dy (b) complexes as 
defined by mT = (mT)Ln-6bpyNO – (mT)Y-6bpyNO – (mT)Ln-6bpyCO. 
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 Actually, Ln-6bpyCO was found to be isomorphous to Ln-6bpyNO (see above). The mT 
values of two model compounds Ln-6bpyCO (Ln = Tb, Dy) and Y-6bpyNO are superposed in 
Figure 5.2. The data on the former involve the single-ion magnetic anisotropy regulated by the 
crystal field, and the data on the latter contain possible radical-radical intermolecular 
through-space interaction. Hence, the difference mT = (mT)Ln-6bpyNO – (mT)Y-6bpyNO – 
(mT)Ln-6bpyCO implies the nature of the overall exchange interaction between Ln and radical 
spins. The positive and negative values of the mT are directly connected to ferro- and 
antiferromagnetic interactions, respectively.  
 The magnetization curves for Ln-6bpyNO and -6bpyCO (Ln = Tb, Dy) measured by 
SQUID at 1.8 K are shown in the inset of Figure 5.2. In this measurement mode, the specimens 
were not fixed, so that the microcrystalline specimens would be aligned in the field direction. 
The magnetizations tend to saturate in higher fields and the value reached 6.28 and 5.78 B at 7 
T for Tb- and Dy-6bpyNO, respectively. The theoretical values would be 8 and 9 B as the sum 
of a free Ln ion and 6bpyNO radical. In fact, however, there are two molecular directions in a 
unit cell. Taking the Tb case for example, the CSAPR principal axes are canted by 43° to each 
other, defined with the Tb1-N2 bond directions. Thus, the saturation moments must be reduced 
about 7% from those of the single site values, to give 7.4 B. Field-alignment of the powdery 
specimens may be imperfect and the observed magnetization is smaller than expected. The 
magnetizations of Tb- and Dy-6bpyCO are gradually saturated, to reach 6.12 and 8.07 B at 7 T, 
respectively. The slopes around 7 T for Tb- and Dy-6bpyNO are compatible with the expected 
saturation of 9 and 10 B with a canted spin structure, respectively. The measurement 
temperature is as low as 1.8 K, and the magnetization is sensitive to the low-lying energy level 
structures, as seen in Figure 5.3. It is difficult to argue the nature of intramolecular exchange 
coupling only from the low-temperature and low-field magnetization data. 
 Let us compare the strong antiferromagnetic coupling with that of a similar system. 
Another 4f-2p heterospin system, Ln-2pyNO (Ln = Gd, Tb, Dy) has been developed,8,9 and 
antiferromagnetic interaction in Tb-2pyNO was quantitatively evaluated by means of the 
inelastic neutron scattering and the HF-EPR measurements,10 after relatively strong 
antiferromagnetic 4f-2p exchange coupling was characterized in Gd-2pyNO.8 In the 6bpyNO 
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system, a series of Ln-6bpyNO (Ln = Gd, Tb, Dy) was clarified to have intramolecular 
antiferromagnetic coupling by means of a conventional method. It is likely that the 
antiferromagnetic couplings are considerable in Tb- and Dy-6bpyNO from the notably 
negativemT recorded even around 100 K. This notion is compatible with the empirical rule 
that the sign of exchange coupling is common in the heterospin molecules of a Gd3+ ion and 
heavy Ln ions coupled with 3d transition metal ions11 or radicals.10  
5.2.3. Dynamic Magnetic Properties 
a) b) 
  
 
 
 
  
 
 
c) d) 
 
 
 
 
 
 
 
Figure 5.4. Pulsed-field magnetizations curves and the corresponding dM/dB vs. B plot for 
Ln-6bpyNO (Ln = Tb (a), Dy (b)) and Ln-6bpyCO (Ln = Tb (c), Dy (d)) measured at 0.5 (a 
blue line) and 1.6 K (a red line). The inset of (a) shows the corresponding dM/dB vs. B plot for 
Tb-6bpyNO at various field-sweeping rates. 
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The pulsed-field magnetizations on Ln-6bpyNO and -6bpyCO (Ln = Tb, Dy) were investigated 
by using a 3He cryostat (Figure 5.4). For Tb-6bpyNO and Dy-6bpyCO (Figures 5.4a and d, 
respectively), hysteresis and magnetization jumps were found at 0.5 and 1.6 K. The derivative 
of the magnetization for Tb-6bpyNO shows the jumps at approximate 0.5 T, and the jump 
position depends on temperature and field-sweeping rates, indicating the role of the thermal 
relaxation. On the other hand, for Dy-6bpyNO and Tb-6bpyCO (Figures 5.4b and c, 
respectively), hysteresis loop was not found at 0.5 or 1.6 K. After the applied field was removed, 
the magnetization immediately disappeared (Figures 5.4a and d). The coercivity is not ascribed 
to a bulk origin.  
The ac magnetic susceptibilities were measured to investigate the dynamics of the 
magnetization reorientation. Figure 5.5 shows the in-phase and out-of-phase portions of the ac 
magnetic susceptibilities (m’ and m”, respectively) for Ln-6bpyNO and -6bpyCO (Ln = Tb, 
Dy), measured without and with an applied dc field of 2000 Oe. All compounds did not show 
any frequency dependence without any bias field (Figures 5.5a,c,e,g). When a dc bias field of 
2000 Oe was applied, a decrease of m’ and concomitant increase of m” were recorded for 
Tb-6bpyNO and Dy-6bpyCO (Figures 5.5b and h). For Tb-6bpyNO (Figure 5.5b), the 
frequency dependence was also observed. The dc bias field may suppress possible QTM at zero 
field.12 In Fig. 5.5h, the m” anomaly can hardly be seen, but the drop of m’ with frequency 
dependence is substantial.  
When m” was plotted against m’ according to the Cole-Cole analysis using eqs. (2.29) 
and (2.30) for Tb-6bpyNO, a semicircle was drawn at 1.9 K with  = 0.236(2) (Figure 5.6a). 
The  value in the Debye model (eqs. (2.32) and (2.33)) is relatively small. This finding 
guarantees a single relaxation process in each molecule. The Arrhenius plot (eq. (2.35)) for 
Tb-6bpyNO shows a straight line from the data of the ” peak (Figure 5.6b), and the effective 
energy barrier (Ueff) for the magnetization reorientation was estimated as Ueff /kB = 21.1(8) K 
with 0 = 1.7(6)×10–9 s.  
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a) b) 
 
 
 
  
 
c) d) 
 
 
 
 
 
e) f) 
 
 
 
 
 
g) h) 
 
 
 
 
 
 
Figure 5.5. Ac magnetic susceptibilities for Tb-6bpyNO at applied dc bias fields of (a) 0 and 
(b) 2000 Oe, for Dy-6bpyNO at applied dc bias fields of (c) 0 and (d) 2000 Oe, for 
Tb-6bpyCO at applied dc bias fields of (e) 0 and (f) 2000 Oe, and for Dy-6bpyCO at applied 
dc bias fields of (g) 0 and (h) 2000 Oe.  
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 In the magnetic field, the lowest doublet is splitted to give a Zeeman energy gap. The gap 
is about 2 K for 7.4 B per a molecule and 2000 Oe. This gap is smaller than Ueff, and the main 
cause of the activation energy is the magnetic anisotropy as a SMM.  
 
a) b) 
 
 
 
 
 
 
 
 
Figure 5.6. (a) Cole-Cole plot and (b) Arrhenius plot for Tb-6bpyNO. 
5.3. Discussion 
A SAPR coordination polyhedron seems to be suitable from the strong axial anisotropy, and the 
energy gap is quite large between the ground state (Jz = 6) and lowest-excited state (Jz = 5) for a 
Tb3+ ion.13-15 It has already been clarified that SAPR-configured Tb-2pyNO was a SMM.9 In the 
present work, the coordination structure of Tb-6bpyNO belongs to CSAPR, which is similar to 
SAPR. It seems to be reasonable that both Tb-6bpyNO and -2pyNO behave as SMMs. In this 
case, however, the crystal-field effect is not a decisive factor, as explained below. 
 Ln-6bpyNO affords one of the best opportunities for studying the role of a paramagnetic 
ligand in a SMM through comparing with the 2p-spin masked reference compound. The ac 
susceptibility measurements on Dy-6bpyNO and Tb-6bpyCO displayed no m” at 0 Oe or even 
at a 2000 Oe dc bias field (Figures 5.5c and d). This remarkable difference is hard to understand 
because the energy barrier caused by the Tb3+ anisotropy should be nearly identical between 
Tb-6bpyNO and -6bpyCO. The bistability is not guaranteed for a non-Kramers Tb3+ ion, and 
accordingly a suitable crystal field is required so that a Tb3+ ion can acquire the axial magnetic 
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anisotropy.14 If the strong axial magnetic anisotropy is present, both Tb-6bpyNO and -6bpyCO 
should behave as SMMs, which contradicts the experimental results. It is noticed that the 
even/odd components of the total magnetic moment are different between the two species, 
which is related to the Kramers theorem. The ground total spin of Tb-6bpyNO is 5/2 (a 
Kramers molecule) whilst that of Tb-6bpyCO is 3 (a non-Kramers molecule), assuming that the 
spin–spin coupling is strong enough, compared with cryogenic temperatures. 
 The presence of a 2p spin is critical for the SMM performance. One may be reminded of 
the studies on [Tb(pc)2]0 and [Tb(pc)2]−.13,16 Only the former has a delocalized π spin on the 
(pc)2 moiety. The SMM performance of the former was found to be better,16 which can be also 
interpreted from an odd/even nature of the ground state moments. Another example is found in 
the fact that SMM behavior of non-Kramers Dy-2pyNO or -6bpyNO has never been reported. 
In fact, no meaningful m” was observed for Dy-2pyNO or -6bpyNO (Figure 5.7 and 5.5c and 
d). Comprehension of the spin-parity effect17 may need further theoretical clarification, but 
control of the relaxation by the radical spin modification would lead to a new functionality of 
molecule-based magnets. 
 
 
 
 
 
 
 
 
Figure 5.7. Ac magnetic susceptibilities for Dy-2pyNO without any applied dc bias field. Note 
that isomorphous Tb-2pyNO showed frequency dependence of m’ and m” under the same 
conditions.9  
 
 Finally, Tb-2pyNO displayed the small zero-field tunneling and slow magnetization 
reorientation in the ac magnetic susceptibility.9 It is known that magnetization reorientation is 
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sensitive to the relaxations caused by hyperfine couplings,18 dipolar interactions in Ln3+ ions,19 
and weak f–d and f–p exchange couplings.20,21 The CSAPR principal axes of monoclinic 
Tb-6bpyNO are canted by 43º between neighboring molecules. On the other hand, Tb-2pyNO 
crystallizing in a triclinic P1 space group9 exhibits a cant angle of only ca. 5° between two 
independent molecules. This difference may affect the relaxation along with the dipolar 
interactions and the intramolecular interactions. Parallel easy-axis arrangement is suitable for 
the reduction of the efficiency of the tunneling mechanism.22,23 This is because the transverse 
components of fluctuating magnetic fields dominating the relaxation are enhanced by the tilting 
of the principle axes.  
5.4. Conclusion 
Tb-6bpyNO has been developed as an exchange-involving SIM. The intramolecular 
antiferromagnetic coupling was indicated by the empirical (mT) method after the 
corresponding carbonyl compound was proposed as a 2p-spin-masked reference. Tb-6bpyNO 
behaved as a SMM with Ueff/kB = 21.1(8) K and 0 = 1.7(6)×10–9 s at the external dc bias of 
2000 Oe. The 4f-2p heterospin approach seems to be one of promising strategies toward novel 
SMMs, but at the same time attention must be paid to disadvantage of a relatively fast QTM. 
5.5. Experimental Section 
Synthesis of [LnIII(hfac)3(6bpyNO)] (Ln-6bpyNO; Ln = Tb, Dy, Y). 6bpyNO was 
synthesized by the method reported in the literature.24 Complexes Ln-6bpyNO (Ln = Tb, Dy, 
Y) were prepared from [LnIII(hfac)3(H2O)2] (Ln = Tb, Dy, Y)26 and 6bpyNO in a 
dichloromethane-n-heptane mixed solvent, according to the procedure known for the Gd 
analogue (for details, see Chapter 3).  
[TbIII(hfac)3(6bpyNO)] (Tb-6bpyNO). The yield was 58%. Mp. 140-146 °C (decomp.). Anal. 
Calcd. for C29H19N3O7F18Tb1: C, 34.07; H, 1.87; N, 4.11%. Found: C, 33.74; H, 1.70; N, 3.99%. 
IR (neat, ATR) 1651, 1488, 1249, 1190, 1133, 1096, 795, 773, 659, 582 cm–1. 
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[DyIII(hfac)3(6bpyNO)] (Dy-6bpyNO). The yield was 57%. Mp. 135-137 °C (decomp.). Anal. 
Calcd. for C29H19N3O7F18Dy1: C, 33.95; H, 1.87; N, 4.10%. Found: C, 33.63; H, 1.57; N, 3.96%. 
IR (neat, ATR) 1652, 1488, 1250, 1190, 1138, 1097, 795, 773, 659, 583 cm–1. 
[YIII(hfac)3(6bpyNO)] (Y-6bpyNO). The yield was 61%. Mp. 168-170 (decomp.) °C. Anal. 
Calcd. for C29H19N3O7F18Y1: C, 36.57; H, 2.01; N, 4.41%. Found: C, 36.07; H, 2.22; N, 4.35%. 
IR (neat, ATR) 1655, 1491, 1251, 1190, 1137, 1099, 796, 773, 660, 584 cm–1. 
Synthesis of 2,2’-bipyridin-6-yl tert-butyl ketone (6bpyCO). 6bpyCO was prepared 
according to the synthesis of tert-butyl-2-(5-methylpyridyl) ketone,26 using 
6-bromo-2,2’-bipyridine in place of 2-bromo-5-methylpyridine as a starting material. To a 
suspension of 6-bromo-2,2’-bipyridine (2.52 g, 10.7 mmol) in dry ether (30 mL) was added 
dropwise n-BuLi (1.60 mol L–1 in n-hexane, 7.4 mL, 12 mmol) at –76 ºC. The mixture was 
stirred at –76 ºC for 1 h, and the resultant solution was added dropwise to a solution of pivaloyl 
chloride (2.6 mL, 21 mmol) in dry THF (5 mL). The mixture was stirred at 0 ºC for 15 h and 
then further stirred at room temperature for 2 h. The reaction mixture was quenched with cold 
water followed by cold 40% NaOH aqueous solution, and stirred for 30 min. After the aqueous 
layer was extracted with ether, the combined organic layer was dried over anhydrous MgSO4. 
The filtrate is concentrated under reduced pressure, and the resulting brown oil was purified 
through HPLC (1H + 2H (Japan Analytical Industry), eluted with CHCl3) to yield green oil. The 
yield was 422 mg (1.76 mmol, 16%). 1H NMR (500 MHz, CDCl3):  8.69 (dd, J = 4.2, 1.6 Hz, 1 
H), 8.56 (dd, J = 7.7, 1.7 Hz, 1 H), 8.42 (d, J = 7.9 Hz, 1 H), 7.95 (dd, J = 7.7, 1.7 Hz, 1 H), 
7.93 (t, J = 7.7 Hz, 1 H), 7.86 (td, J = 7.7, 1.6 Hz, 1 H), 7.33 (ddd, J = 7.7, 4.2, 1.6 Hz, 1 H), 
1.55 (s, 9 H). 13C NMR (126 MHz, CDCl3):  206.4, 155.6, 154.2, 153.7, 149.2, 137.8, 137.0, 
124.0, 123.7, 123.2, 121.0, 44.2, 27.7. IR (neat, ATR): 2956, 1685, 1578, 1479, 1428, 1201, 993, 
970, 792, 757 cm–1.  
Synthesis of [TbIII(hfac)3(6bpyCO)] (Tb-6bpyCO). Tb-6bpyCO was prepared according to 
the procedure of Ln-6bpyNO using [TbIII(hfac)3(H2O)2]26 and 6bpyCO as starting materials. 
The yield was 14%. Mp. 191-193 °C (decomp.). Anal. Calcd. for C30H19N2O7F18Tb: C, 35.31; H, 
1.88; N, 2.75%. Found: C, 35.19; H, 1.91; N, 2.62%. IR (neat, ATR) 1651, 1489, 1249, 1189, 
1133, 1096, 795, 765, 659, 582 cm–1. 
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[DyIII(hfac)3(6bpyCO)] (Dy-6bpyCO). The yield was 77%. Mp. 198-199 °C (decomp.). Anal. 
Calcd. for C30H19N2O7F18Dy: C, 35.19; H, 1.87; N, 2.74%. Found: C, 35.27; H, 1.66; N, 2.58%. 
IR (neat, ATR) 1651, 1489, 1249, 1189, 1133, 1096, 795, 765, 659, 582 cm–1. 
Single crystal X-ray diffraction. A general method (Section 2.2.2) was applied to the 
crystallographic analysis of Ln-6bpyNO (Ln = Tb, Dy, Y) and Ln-6bpyCO (Ln = Tb, Dy). 
Selected crystallographic data and geometrical parameters are listed in Table 5.1. CCDC 
numbers 1011564, 1011565 1404995, 1404996, and 1539892 for Ln-6bpyNO (Ln = Tb, Dy, Y) 
and Ln-6bpyCO (Ln = Tb, Dy), respectively. 
Magnetic measurements. For a general method of dc and ac magnetic susceptibility and 
magnetization measurements for Ln-6bpyNO (Ln = Tb, Dy, Y) and Ln-6bpyCO (Ln = Tb, Dy), 
see Experimental section in Chapter 2. Low-temperature magnetization was measured for 
Ln-6bpyNO and -6bpyCO (Ln = Tb, Dy). For details, see Experimental section in Chapter 2.  
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Chapter 6 
Strongest Ferromagnetic Coupling in Gd-Nitroxide 
Compounds 
Abstract 
Three novel gadolinium(III)-radical complexes [GdIII(hfac)3(L)(H2O)] (Gd-L; L = tert-butyl 
phenyl nitroxide (phNO) and its derivatives (tert-butyl 3-tolyl nitroxide and tert-butyl 
4-tert-butylphenyl nitroxide), Hhfac = 1,1,1,5,5,5-hexafluoropentane-2,4-dione) were 
synthesized, and all compounds showed ferromagnetic coupling, obeying the empirical relation: 
out-of-plane coordination of the Gd3+ ion from the radical  system favors ferromagnetic 
coupling. In particular, Gd-phNO has a considerably large torsion angle around Gd-O-N-Csp2 
(69.8(9)º on average) and the largest ferromagnetic coupling constant (2J/kB = +18.0(4) K) in 
Gd-nitroxide compounds ever known.  
6.1. Introduction 
In Chapter 3, Gd-6bpyNO has been successfully shown with the strong antiferromagnetic 
coupling and highly planar. According to the magneto-structure relationship as shown in Figure 
3.1, the molecular design is simple to explore ferromagnetically correlated Gd-nitroxide 
molecules, as depicted with Scheme 6.1, where the 2-pyridyl group is replaced with a phenyl 
ring to introduce a large torsion angle (Gd-O-N-Csp2). It would also be a good hint that simple 
aliphatic nitroxides like DTBN (for details, see Chapter 8) or TEMPO can afford their Gd 
complexes despite the considerable steric hindrance.1 In those compounds, the nitroxide group 
plays a role of a monodentate O-donor. Monodentate ligands tend to have the large angular 
torsion, especially when the CH group at the ortho-position of the phenyl group would bring 
about the steric repulsion with the Gd3+ ion (Scheme 6.1, right). Such planar/twisted structures 
have already been pointed out in the NN derivatives (Figure 3.1 and Table 3.2), but in the 
present work, phNO as a ligand has been employed for the first time. Its derivatives (3tolNO 
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and 4tbphNO) were known as stable radicals.2 Three Gd compounds Gd-L (L = phNO, 3tolNO, 
4tbphNO) have been prepared, and they were structurally and magnetically characterized. The 
most striking result of this work is that Gd-phNO showed the record intramolecular 
ferromagnetic coupling among the Gd-nitroxide coordination compounds ever known. 
 
 
 
 
 
 
Scheme 6.1. Planar and twisted Gd-O-N-Csp2 structures with 2-pyridyl and phenyl groups, 
respectively.  
6.2. Results 
6.2.1. Ligand Design and Preparation 
 
 
 
 
 
Scheme 6.2. Paramagnetic ligands used in this chapter. 
 
In this section, the mother compound (phNO) and its derivatives (3tolNO and 4tbphNO) were 
utilized as a paramagnetic ligand (Scheme 6.2). The two derivatives have been chosen because 
they are known as stable radicals. The para-substitution by tert-butyl groups greatly enhances 
the stability of phenyl nitroxides.2a The meta-methylation also stabilizes tert-butyl phenyl 
nitroxides by a steric effect to protect the reactive ortho- and para-positions.2a In sharp contrast, 
ortho- and para-methylations destabilize tert-butyl phenyl nitroxides.2b Thus, unfortunately, 
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2-tolyl derivatives were not available in this study. In fact, three Gd compounds Gd-L with L = 
phNO, 3tolNO, and 4tbphNO could be prepared simply by mixing solutions of 
[GdIII(hfac)3(H2O)2]3 and paramagnetic ligands with a molar ratio of 1/1, and all the crystalline 
products are suitable for structural and magnetic characterization. 
6.2.2. Crystal Structures 
a) b) 
 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
Figure 6.1. X-ray crystal structures of Gd-phNO (a), -3tolNO (b), and -4tbphNO (c) with 
thermal ellipsoids at the 50% level. Trifluoromethyl groups and hydrogen atoms are omitted for 
clarity. Structural formulas are also shown.  
 
The X-ray diffraction studies on Gd-L (L = phNO, 3tolNO, 4tbphNO) clarified that they 
crystallized in a triclinic P 1  space group with Z = 4. There are two crystallographically 
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independent molecules in a unit cell (Figure 6.1 and Table 6.1). The crystal of Gd-4tbphNO 
has a lattice solvent molecule of n-heptane. All of the molecules investigated here have the same 
composition of 1/1/1 Gd/radical/H2O. Each Gd3+ ion is eight-coordinated with one oxygen atom 
from the paramagnetic ligand, one oxygen atom from a H2O molecule as a ligand, and six 
oxygen atoms from three co-ligands (hfac). Important geometrical parameters are listed in Table 
6.2. 
 
Table 6.1. Selected crystallographic data for Gd-phNO, -3tolNO, and -4tbphNO 
 Gd-phNO Gd-3tolNO Gd-4tbphNO·0.25C7H16 
Formula C25H19F18GdNO8 C26H21F18GdNO8 C30.75H31F18GdNO8 
Formula weight 960.65 974.67 1041.55 
T / K 100 100 100 
Crystal system triclinic triclinic triclinic 
Space group P 1  P 1  P 1  
a / Å 12.600(4) 12.237(3) 10.530(4) 
b / Å 16.415(5) 17.603(4) 17.475(7) 
c / Å 17.768(5) 18.068(4) 23.745(7) 
 / ° 67.16(1) 63.374(9) 68.28(2) 
 / ° 78.94(1) 84.751(10) 78.29(2) 
/ ° 80.12(1) 80.344(10) 76.72(2) 
V / Å3 3305(2) 3429.3(13) 3917(3) 
Z 4 4 4 
Dcalc / g cm-3 1.931 1.888 1.766 
 (MoK) / mm-1 2.160 2.083 1.830 
R(F)a) (I > 2(I)) 0.0696 0.0603 0.0500 
Rw(F2)b) (all data) 0.1046 0.1788 0.0485 
Goodness-of-fit 1.071 1.011 1.071 
Number of unique reflections 15051 15638 17145 
a) R = ||Fo – Fc||/|Fo|. b) Rw = [w(Fo2 – Fc2)2/w(Fo2)2]1/2 
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 Dimerization is common among the three; two molecules are dimerized, so that the water 
ligands are folded inside whilst the whole dimer is hydrophobic outside with methyl and 
trifluoromethyl groups (Figure 6.1). At the same time, the paramagnetic core consisting of two 
nitroxides and two Gd moieties are magnetically insulated in a van der Waals crystal. The 
O2•••O10 distances are 3.276(6), 3.546(5), and 3.035(5) Å for Gd-phNO, -3tolNO, and 
-4tbphNO, respectively, which are typical hydrogen bonding distances. The hydrogen bonds 
must be crucial for the dimerization,4 although hydrogen atoms could not found experimentally 
in the X-ray diffraction study.  
 
Table 6.2. Selected bond lengths (Å), bond angles (°), and torsion angles (°) for Gd-phNO, 
-3tolNO, and -4tbphNO. 
 Gd-phNO Gd-3tolNO Gd-4tbphNO 
Gd1-O1/Å 2.325(5) 2.337(4) 2.336(3) 
Gd2-O9/Å 2.376(5) 2.344(5) 2.343(4) 
Gd1-O1-N1/° 135.1(5) 137.5(4) 138.2(2) 
Gd2-O9-N2/° 130.5(4) 136.9(4) 136.1(3) 
O1-Gd1-O2/° 145.5(2) 145.25(15) 73.00(13) 
O9-Gd2-O10/° 78.9(2) 144.81(13) 74.44(14) 
Gd1-O1-N1-C1/° 70.3(9) 71.9(5) -58.2(6) 
Gd2-O9-N2-Csp2/° 
a) -69.2(8) 77.1(5) 61.3(7) 
a) Csp2 implies C26, C27, and C30 for Gd-phNO, -3tolNO, and -4tbphNO, respectively.  
 
 However, they are far from isostructural; various OH2O-Gd-Orad angles were found (Table 
6.2). The structures with narrower angles (70-90°) and wider angles (140-150°) are tentatively 
named as cisoid and transoid structures, respectively. Thus, Gd-phNO, -3tolNO, and 
-4tbphNO have combinations of (transoid, cisoid), (transoid, transoid), and (cisoid, cisoid), 
respectively. This difference could be attributed to the difference of the bulkiness of phenyl 
substituent of radical ligands and/or the formation of intermolecular stacking interaction. The 
coordination polyhedra are also different. From the SHAPE software,5 the coordination 
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polyhedra of Gd-phNO can be described as TDD and SAPR for transoid and cisoid complexes, 
respectively. On the other hand, the coordination polyhedra of Gd-3tolNO belong to BTPR for 
both transoid complexes, and those of Gd-4tbphNO to SAPR for both cisoid complexes.  
 To describe the coordination structure, there are many geometrical parameters, and the 
torsion angle = Gd-O-N-Csp2 has been used as a useful metric (Chapter 3). Actually, 
||69.8(9), 74.5(5), and 59.8(7)º are found for Gd-phNO, -3tolNO, and -4tbphNO, 
respectively (Table 6.2), which are considerably larger than those of chelated compounds such 
as Gd-2pyNO and -6bpyNO (||19.5(8) and 16.5(5)º, respectively). In short, the two 
categories, chelate and non-chelate, afford an excellent example of the structural diversity. On 
the other hand, the Gd-O bond lengths or Gd-O-N bond angles were not drastically changed 
among the chelate and non-chelate structures. 
6.2.3. Magnetic Properties 
a) b) c) 
 
 
 
 
 
 
 
Figure 6.2. Temperature dependence of the product mT measured at 500 Oe for polycrystalline 
Gd-phNO (a), -3tolNO (b), and -4tbphNO (c). Solid lines stand for simulated curves. For 
details, see the text. The inset shows the magnetization curve measured at 1.8 K on the 
molecular basis. Solid lines are drawn on the Brillouin function with S = 4. 
 
The magnetization curves of polycrystalline Gd-L (L = phNO, 3tolNO, 4tbphNO) fixed with a 
small amount of mineral oil were recorded at 1.8 K. The spin-only treatment with g = 2 and SGd 
= 7/2 for Gd3+ ions and g = 2 and Srad = 1/2 for radicals tells us that the saturation 
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magnetizations should be 8 and 6 B for ferromagnetic Stotal = 4 and antiferromagnetic Stotal = 3 
states, respectively. The inset of Figure 6.2a displays the magnetization curve of Gd-phNO, and 
the magnetization seems to be saturated at ca. 8 B. The calculated curve from the Brillouin 
function (eq. (2.13)) with Stotal = 4 and g = 2.003 (a solid line) almost reproduces the 
experimental data of Gd-phNO. These results confirm the ferromagnetic coupling between 
Gd3+ and phNO spins.  
 The dc magnetic susceptibilities were measured for fixed polycrystalline Gd-L. The mT 
value of Gd-phNO at 300 K was 8.48 cm3 K mol-1, which well agrees with the value of 8.25 
cm3 K mol-1 expected from magnetically isolated Gd3+ and phNO spins (Figure 6.2a). The 
low-temperature mT limits are 10 and 6.0 cm3 K mol-1 for ferromagnetic Stotal = 4 and 
antiferromagnetic Stotal = 3 states, respectively. On cooling, the mT value increased around 100 
K and reached 9.91 cm3 K mol-1 at 14 K, from which the ground Stotal = 4 state is confirmed. 
This finding indicates the presence of relatively strong ferromagnetic coupling. The mT value 
decreased on further cooling, approaching 9.58 cm3 K mol-1 at 1.8 K. This behavior suggests the 
presence of weak antiferromagnetic intermolecular coupling.  
 The exchange coupling constant (J) can be determined from the mT vs. T curve simulation. 
As an initial attempt, the mT curves were simulated with two different Gd-radical sites, namely 
including JGd1-rad1, JGd2-rad2, and JGd1-Gd2. However, the constants JGd1-rad1 and JGd2-rad2 could not be 
separated by simulation, possibly because of the overparameterization against too monotonic 
behavior of mT above the peaking temperature. For this reason, an averaged exchange coupling 
is applied to the analysis of the magnetic susceptibility. Eventually, the experimental data of the 
Gd-phNO was analyzed with the expression (2.27) derived from a Heisenberg spin 
Hamiltonian, 
radGd
ˆˆ2ˆ SSJH  . A Weiss constant () is introduced as very weak intermolecular 
interaction. The best fit was obtained with 2JGd-rad/kB = +18.0(4) K, g = 2.003(1), and = –
0.157(5) K (a solid line in Figure 6.2a).6 This compound holds the record strongest 
ferromagnetic coupling in Gd-nitroxide compounds ever known. The Gd complex involving 
3-bromo-4-methoxyphenyl nitronyl nitroxide reported by Wang et al. showed the prior record 
ferromagnetic coupling (2JGd-rad/kB = +16.4 K)7 in Gd-radical compounds before this work. 
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 Likewise, the mT values of Gd-3tolNO and -4tbphNO at 300 K (Figure 6.2b and c) were 
8.46 and 8.47 cm3 K mol-1, respectively, which are in good accordance with the expected value 
(8.25 cm3 K mol-1). On cooling, the mT values increased, and reached 9.80 cm3 K mol-1 at 16 K 
for Gd-3tolNO and 9.92 cm3 K mol-1 at 5.5 K for Gd-4tbphNO. These findings indicate the 
presence of strong ferromagnetic coupling. The experimental data were analyzed with eq. (2.27), 
giving 2JGd-rad/kB = +16.7(3) K, g = 2.001(1), and = –0.271(5) K for Gd-3tolNO and 2JGd-rad/kB 
= +7.5(2) K, g = 2.013(1), and = –0.116(6) K for Gd-4tbphNO (solid lines in Figure 6.2b and 
c). The magnetization curves of Gd-3tolNO and -4tbphNO at 1.8 K are shown in inset of 
Figure 6.2b and c. The calculated curves from the Brillouin function (eq. (2.13)) with Stotal = 4 
and g = 2.001 and 2.013, respectively (solid lines in the insets), almost reproduced the 
experimental data.  
6.3. Discussion 
The present data points have been superposed to Figure 3.1, and it can be found that they 
approximately obeyed the empirical relation (a broken line). Owing to the molecular design, 
Gd-L (L = phNO, 3tolNO, 4tbphNO) had a considerable out-of-plane coordination and showed 
strong ferromagnetic coupling, as expected.  
 It has already been proposed that the high-spin state of the Gd-radical compounds are 
stabilized through the orbital interaction between the vacant Gd 5d and the singly-occupied 
radical * orbital (Figure 6.3a). Namely, the mechanism on the ferromagnetic 4f-3d compounds 
like Gd-Cu compounds proposed by Kahn et al.8 is diverted to that of the ferromagnetic 4f-2p 
systems. The presence or absence of the Gd 5d and radical * orbital overlap plays a crucial role, 
and it may depend on the mutual directions of the principal axes of the Gd and coordinated atom 
orbitals. In the present study, Gd-phNO, -3tolNO, and -4tbphNO possess || = 69.8(9), 74.5(5), 
and 59.8(7)º, respectively, on the average, and the Gd-radical geometry with a large torsion 
possess a considerable 5dx2-y2(Gd)-2pz(radical) overlap (Figure 6.3a, right), where the Gd-X 
direction is defined as x or y. The CT configuration is stabilized by Hund’s rule, affording 
ferromagnetic coupling observed. In sharp contrast, Gd-2pyNO9 and -6bpyNO have small 
torsion angles (|| = 19.5(8) and 16.5(5)º, respectively) owing to the chelate structure, and 
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strong antiferromagnetic couplings were recorded between the Gd-radical spins (2J/kB = –
13.8(3) and –17.4 K, respectively). The 5dx2-y2(Gd) and 2pz(radical) are approximately 
orthogonal, and the above mechanism hardly works.10  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3. (a-c) (left) Charge transfer configurations of the Gd-radical systems and (right) the 
corresponding schematic drawings of the orbital interactions.  
 
 There is another subset of the ferromagnetic compounds with || close to 90° (in a dotted 
square in Figure 3.1). It has been found that the coordination polyhedra of these compounds 
always showed a TDD structure (Figure 3.1). There are two categories of coordination 
polyhedra, TDD structures and SAPR and SAPR-related structures (CSAPR and JBCSAPR), 
and there seem to be at least two different exchange mechanisms.  
 Most members in the TDD group have reduced exchange constants, much below prediction 
from the J- dependence (Figure 3.1). Generally, the exchange coupling is represented with the 
sum of the contribution of ferro- and antiferromagnetic coupling, J = JFO + JAF.12 The structures 
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with | = ca. 0° allow the 2px and 2py (or sp2-hybridized) lobes to be close to the Gd ion (Figure 
6.3b), whereas in the region around || = ca. 90°, the 2pz lobe approaches to the Gd ion (Figure 
6.3c). Ferromagnetic coupling is speculated for the former, where the downspin transfer from 
the paramagnetic ligand to the Gd 4f orbital is preferable, because of the orthogonality of the 2pz 
and n orbitals. On the other hand, the latter would lead to additional contribution of 
antiferromagnetic coupling, because only down spin can be transferred from 2pz to 4f. The 
present plot may imply possible interaction through a direct 2p-4f overlap. Orbital overlap 
occurs in a -type manner in the || = 90º limit, and a 4fxyz or 4fz(x2-y2) orbital is a candidate for 
the interaction channel. The logic of enhancing 2pz-4f orbital overlaps holds also for the 
compounds with a TDD crystal field, regardless of the presence of an approximate four-fold 
symmetry. A direct 4f-2p orbital overlap has already been proposed in the DFT analysis for 
4f-2p heterospin systems.13  
6.4. Conclusion  
Three new compounds Gd-L (L = phNO, 3tolNO, 4tbphNO) were prepared, and all showed the 
ferromagnetic coupling between Gd and nitroxide spins. In particular, Gd-phNO exhibited 
2J/kB = +18.0(4) K, which is the largest exchange value in Gd-nitroxide compounds ever known. 
The following factors are important to develop strongly correlated Gd-radical molecules: (1) 
Enhancement of spin localization at the NO radical site gives stronger exchange coupling. (2) 
Introducing planar of perpendicular coordination structures lead to strongly coupling.   
6.5. Experimental Section 
Synthesis of [GdIII(hfac)3(phNO)(H2O)] (Gd-phNO). N-tert-butyl-N-phenylhydroxylamine14 
(18 mg, 0.11 mmol) was oxidized with Ag2O (95 mg, 0.41 mmol) in dichloromethane (4 mL) at 
room temperature for 1 h. The black solid was filtered off. After an n-heptane solution (50 mL) 
of [GdIII(hfac)3(H2O)2]3 (82 mg, 0.10 mmol) was boiled and concentrated to ca. 8 mL, the two 
solutions were combined while hot. The mixture was allowed to stand at –10 ºC in a refrigerator 
for 2 days. Yellow block polycrystals were collected on a filter, washed with a small amount of 
n-heptane, and air-dried. The yield was 32 mg (0.033 mmol, 33%). Mp. 83-85 ºC (decomp.). 
97 
 
Anal. Calc. for C25H19F18Gd1N1O8: C, 31.26; H, 1.99; N, 1.46%. Found: C, 31.18; H, 1.71; N, 
1.53%. IR (neat, ATR). 1647, 1560, 1532, 1464, 1250, 1193, 1138, 1098, 802, 767, 742, 659, 
584 cm-1. 
Synthesis of [GdIII(hfac)3(3tolNO)(H2O)] (Gd-3tolNO). N-tert-butyl-N-(3- 
tolyl)hydroxylamine15 (18.4 mg, 0.103 mmol) was oxidized with Ag2O (98.5mg, 0.425 mmol) 
in dichloromethane (4 mL) at room temperature for 1 h. The black solid was filtered off. After 
an n-heptane solution (45 mL) of [GdIII(hfac)3(H2O)2]3 (80.5 mg, 0.0988 mmol) was boiled and 
concentrated to ca. 6 mL, the two solutions were combined while hot. The mixture was allowed 
to stand at –10 ºC in a refrigerator for 2 days. Orange platelet polycrystals were collected on a 
filter, washed with n-heptane, and air-dried. The yield was 36.0 mg (0.0369 mmol, 37%). 
Mp.78-80 ºC (decomp.). Anal. Calc. for C26H21F18Gd1N1O8: C, 32.04; H, 2.17; N, 1.44%. 
Found: C, 32.00; H, 1.83; N, 1.46%. IR (neat, ATR) 3621, 3407, 1646, 1560, 1533, 1458, 1330, 
1249, 1193, 1135, 1097, 801, 785, 741, 660, 583 cm-1. 
Synthesis of [GdIII(hfac)3(4tbphNO)(H2O)]•0.25C7H16 (Gd-4tbphNO). N-tert-butyl-N-(4- 
tert-butylphenyl)hydroxylamine16 (1.14 g, 5.14 mmol) was oxidized with Ag2O (2.1 g, 9.1 
mmol) in dichloromethane at room temperature for 1 h. The black solid was filtered off, and the 
filtrate was subjected to recrystallization with dichloromethane/n-hexane, giving 0.71 g (3.2 
mmol, 63%) of 4tbphNO as red block crystals. After an n-heptane solution (45 mL) of 
[GdIII(hfac)3(H2O)2]3 (170.2 mg, 0.209 mmol) was boiled and concentrated to ca. 6 mL, a 
dichloromethane solution (4 mL) of 4tbphNO (42.8 mg, 0.194 mmol) was added to the above 
solution while hot. The mixture was allowed to stand at –10 ºC in a refrigerator for 2 days. 
Yellow block polycrystals were collected on a filter, washed with n-heptane, and air-dried. The 
yield was 50.3 mg (0.0495 mmol, 26%). Mp. 70-73 ºC (decomp.). Anal. Calc. for 
C30.75H31F18Gd1N1O8: C, 35.45; H, 3.00; N, 1.34%. Found: C, 35.11; H, 2.80; N, 1.37%. IR (neat, 
ATR) 3526, 2972, 2874, 1648, 1559, 1532, 1494, 1255, 1192, 1136, 1099, 840, 798, 741, 661, 
585 cm-1. 
Single crystal X-ray diffraction. A general method (Section 2.2.2) was applied to the 
crystallographic analysis of Gd-L (L = phNO, 3tolNO, 4tbphNO). Selected crystallographic 
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data and geometrical parameters are listed in Tables 6.1 and 6.2. CCDC numbers 1473597, 
1473599, and 1473623. 
Magnetic measurements. For a general method of dc and ac magnetic susceptibility and 
magnetization measurements for Gd-L (L = phNO, 3tolNO, 4tbphNO), see Experimental 
section in Chapter 2. 
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Chapter 7 
Single-Molecule Magnet Involving Strong 
Ferromagnetic Coupling  
Abstract 
Two novel Ln-radical complexes [LnIII(hfac)3(phNO)(H2O)] (Ln-phNO; Ln = Tb, Dy; phNO = 
tert-butyl phenyl nitroxide, Hhfac = 1,1,1,5,5,5-hexafluoropentane-2,4-dione) were synthesized. 
These are two crystallographically independent molecules in a unit cell of Tb-phNO. The ac 
magnetic susceptibility on Tb-phNO at Hdc = 2000 Oe showed double m” peaks accompanied 
by frequency dependence and afforded Ueff(1)/kB = 46.3(7) K for the high-temperature peak 
series and Ueff(2)/kB = 21(2) K for the low-temperature peak series. In contrast Dy-phNO did not 
behave as a SMM. 
7.1. Introduction 
In the present thesis, two typical cases have been described according to the magneto-structural 
relationship: (1) The Ln-6bpyNO system with planar chelate rings: the record intramolecular 
antiferromagnetic coupling in the Gd analogue and SMM behavior in the Tb analogue (Chapters 
3, 4, and 5). (2) The Ln-phNO system with non-planar coordination structures: the record 
intramolecular ferromagnetic coupling in the Gd analogue (Chapter 6). However, so far, there 
has been no evidence whether the strong ferromagnetic coupling is compatible with SMM 
behavior or not.  
 In this chapter, the preparation and magnetic characterization of Tb and Dy analogues in 
the Ln-phNO system will be described. The mechanism of SMMs is based on the extremely 
slow magnetization relaxation, which is described by a double-well potential surface with a 
relatively high effective energy barrier (Ueff) as noted in Chapter 1. An ion with a half-integer 
spin is known as a Kramers ion, which guarantees the ground doublet degeneracy. In this sense, 
it is reasonably accepted that various Dy-based SMMs have been well developed (cf. Chapter 2), 
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because a Dy3+ ion has a half-integer spin (S = 5/2). On the other hand, a Tb3+ ion has an integer 
spin (S = 3), and Tb-based magnets require appropriate crystal field effects suitable for the 
uniaxial magnetic anisotropy and double-well potential energy structure. The even-odd category 
of electron counting in a whole molecule is switched after an S = 1/2 paramagnetic ligand is 
incorporated. Thus, the comparison between antiferromagnetically coupled case Ln-6bpyNO 
(Ln = Tb, Dy) and ferromagnetically coupled case Ln-phNO (Ln = Tb, Dy) will be helpful to 
assess the validity of the Kramers theorem as a guiding criterion towards SMMs.  
7.2. Results 
7.2.1. Preparation and Characterization 
 
 
 
 
 
 
 
 
Figure 7.1. IR spectra for Ln-phNO (Ln = Gd(a), Tb (b), and Dy (c)). 
 
Novel Ln-radical compounds, [LnIII(hfac)3(phNO)(H2O)] (Ln-phNO; Ln = Tb, Dy), were 
synthesized according to the method used for the Gd analogue with a slight modification (cf. 
Chapter 6). Powder products of Ln-phNO (Ln = Tb, Dy) were obtained and characterized by 
means of IR spectroscopy and X-ray crystallography.  
 The IR spectra of Ln-phNO (Ln = Tb, Dy; Figure 7.1) are practically identical to that of 
Gd-phNO in Chapter 6. The strong absorptions at ca. 1650 and ca. 1140 cm-1 are associated 
with the CO groups of a hfac ligand, and the two weak peaks at ca. 1400 and ca. 1380 cm-1 are 
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associated with the NO group of phNO. Therefore, the results support the characterization as 
Ln-phNO (Ln = Tb, Dy).   
 Complex Tb-phNO crystallizes in a monoclinic P 1  space group with Z = 4, and the cell 
parameters are very close to those of Gd-phNO (Table 7.1). There are two crystallographically 
independent molecules in a unit cell (Figure 7.2a), and the molecular arrangement is also similar 
to that of Gd-phNO (Figure 6.1a). There are disordered phNO and hfac positions in one 
molecule including the Tb2 atom (Figure 7.2b), and one configuration is shown in Figure 7.2a. 
Each Tb3+ ion is eight-coordinated with one oxygen atom from the paramagnetic ligand, one 
oxygen atom from a H2O molecule as a ligand, and six oxygen atoms from three co-ligands 
(hfac). The coordination polyhedra of Tb-phNO can be described as BTPR for both molecules 
from the SHAPE software.1   
 
a) b) 
 
 
 
 
 
 
 
 
 
Figure 7.2. (a) X-ray crystal structure of Tb-phNO with thermal ellipsoids at the 50% level. 
Trifluoromethyl groups and hydrogen atoms are omitted for clarity. One of two configurations 
is shown in disordered phNO and hfac positions in the Tb2-containing molecule. Structural 
formula is also shown. (b) Disordered configurations in the Tb2-molecule. The minor 
configuration is shown in faint color. The nitrogen atom position is shared with a carbon atom 
of the other configuration. 
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Table 7.1. Selected crystallographic data and geometry parameters for Ln-phNO (Ln = Gda), 
Tb). 
 Gd-phNO Tb-phNO 
T / K 100 100 
Crystal system triclinic triclinic 
Space group P 1  P 1  
a / Å 12.600(4) 12.323(5) 
b / Å 16.415(5) 16.923(6) 
c / Å 17.768(5) 17.659(6) 
 / ° 67.16(1) 66.711(13) 
 / ° 78.94(1) 80.119(15) 
/ ° 80.12(1) 83.957(14) 
V / Å3 3305(2) 3440(2) 
Z 4 4 
R(F)b) (I > 2(I)) 0.0696 0.0690 
Rw(F2)c) (all data) 0.1046 0.1790 
Ln1-O1/Å 2.325(5) 2.323(8) 
Ln2-O9/Å 2.376(5) 2.22(3) 
Ln1-O1-N1/° 135.1(5) 137.0(6) 
Ln2-O9-N2/° 130.5(4) 132.6(17)/157(2)d) 
Ln1-O1-N1-C1/° 70.3(9) 78.7(2) 
Ln2-O9-N2-C26/° –69.2(8) –64(3)/80(6) 
a) Chapter 6. b) R =  ||Fo| - |Fc||/ |Fo|. c) Rw = [w(Fo2 - Fc2)2/ w(Fo2)2]1/2. d) For the major/minor 
disordered configurations. 
 
 Important geometrical parameters possibly related to the intramolecular 4f-2p exchange 
coupling, such as bond lengths (Tb-O1 and Tb2-O9), bond angles (Tb1-O1-N1 and Tb2-O9-N2), 
and torsion angles (Tb1-O1-N1-C1 and Tb2-O9-N2-C26), are summarized in Table 7.1. The 
torsion angle = Gd-O-N-Csp2 has been used as a useful metric for describing an out-of-plane 
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condition structure, as noted in Chapter 3. Gd-phNO having the large torsion angle 
(||69.8(9)º) exhibited the large ferromagnetic coupling (2J/kB = +18.0(4) K). In the 
Tb-phNO case, the torsion angles || are 78.7(13) and 85.2(14)º (|| at another disordered 
position of –77.1(11)º), which are as large as those of Gd-phNO. This finding strongly suggests 
that Tb-phNO would show ferromagnetic coupling between Tb and radical spins.  
7.2.2. Magnetic Properties 
 
 
 
 
 
 
 
 
Figure 7.3. Temperature dependence of mT for Ln-phNO (Ln = Tb, Dy), measured at 500 Oe. 
Inset: magnetization curves for Ln-phNO (Ln = Tb, Dy), measured at 1.8 K. 
 
The dc magnetic susceptibilities of Tb- and Dy-phNO, measured at an applied magnetic field of 
500 Oe in a temperature range of 1.8-250 K, are displayed in Figure 7.3. The mT value at 250 
K of 12.5 and 13.7 cm3 K mol-1 well agrees with the value of 12.2 and 14.6 cm3 K mol-1 
expected for a free Ln3+ ion (Tb: J = 6, gJ = 3.2; Dy: J = 15/2, gJ = 4/3) and phNO (g = 2, Srad = 
1/2). On cooling, the mT values for Ln-phNO (Ln = Tb, Dy) decreased around 25 and 100 K, 
respectively, and reached 11.2 and 10.9 cm3 K mol-1 at 1.8 K, respectively. These findings 
suggest the presence of the anisotropy of the Ln3+ (Ln = Tb, Dy) ions and/or antiferromagnetic 
coupling. It is well-known that the major part of the reduction of the mT value is caused by the 
anisotropy of the Ln ions as noted in Chapter 5. It is not clear whether the exchange coupling is 
ferro- or antiferromagnetic between Ln and radical spins at this stage.    
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 The field dependence of magnetizations (M) measured by SQUID at 1.8 K is shown in the 
inset of Figure 7.3. The specimens would be aligned in the field direction. The magnetizations 
tend to saturate in higher fields and the values at 7 T was 6.64 and 7.71 B for Ln-phNO (Ln = 
Tb, Dy), respectively. These values are lower than the expected values, 10 and 11 B for 
Ln-phNO (Ln = Tb, Dy) as the sum of a free Ln3+ ion and 6bpyNO radical, respectively. There 
are a few possibilities: an imperfect field-alignment of the powdery specimens, a Ln3+ single-ion 
anisotropy, or antiferromagnetic coupling. It is difficult to distinguish the above possibilities 
from the magnetization curves. The structural investigation suggests that the first and second 
ones are more likely. 
7.2.3. Dynamic Magnetic Properties 
(a)                                       (b)  
 
 
 
 
 
 
(c)                                       (d)  
 
 
 
 
 
 
Figure 7.4. Ac magnetic susceptibilities for Tb-phNO in applied dc bias fields of (a) 0 Oe and 
(b) 2000 Oe and for Dy-phNO in applied dc bias fields of (c) 0 Oe and (d) 2000 Oe.  
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Figure 7.4 shows the in-phase and out-of-phase portions of the ac magnetic susceptibility (m’ 
and m”, respectively) for Tb- and Dy-phNO, measured with and without an applied dc field of 
2000 Oe. Compound Tb-phNO showed slight frequency dependence of m”, and in contrast no 
appreciable m” was recorded for Dy-phNO. When a dc bias field of 2000 Oe was applied, a 
decrease in m’ and a concomitant increase in m” were clearly recorded in Tb-phNO. 
Frequency dependence was also observed. Two peaks with a comparable height were found (3 
and 5 K at 10000 Hz), being compatible with the presence of two nonequivalent molecules of 
Tb-phNO in a unit cell, as clarified by means of X-ray crystallography (see above). The dc bias 
field was applied to suppress possible QTM at zero field.3 On the other hand, Dy-phNO did not 
show meaningful frequency dependence of m” even at an applied field of 2000 Oe. 
 The above ac m measurements lead to the conclusion that Tb-phNO is a potential SMM 
whilst Dy-phNO is not. The SMM characteristics of Tb-phNO are further investigated. When 
m” was plotted against m’ at various temperatures according to the Cole-Cole analysis 
(Chapter 2.1.6), two kinds of semicircles were drawn (Figure 7.5a). Namely, there are two 
contributions from two relaxation processes to show a pseudo-semicircle, which can be 
explained again with the presence of two independent molecules of Tb-phNO.  
 
(a)                                       (b) 
 
      
 
 
 
 
Figure 7.5. (a) Cole-Cole plot in the range of 2-4 K and (b) Arrhenius plots for Tb-phNO. 
 
 The Arrhenius plot (eq. (2.35)) for Tb-phNO (Figure 7.5b) shows two straight lines 
for the data of the m” peak in Figure 7.4b, and the effective energy barriers (Ueff) for the 
magnetization reversal were estimated as Ueff(1)/kB = 46.3(7) K with 0(1) = 1.9(3)10-9 s for the 
high-temperature peak series and Ueff(2)/kB = 21(2) K with 0(2) = 1.3(9)10-8 s for the 
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low-temperature peak series. It seems to be difficult to solve an assignment problem because 
both molecules have a BTPR coordination polyhedron1 and comparable angular torsion (Table 
7.1). 
7.3. Discussion 
The ac magnetic susceptibility of Tb-phNO has shown the frequency-dependence, and in 
contrast Dy-phNO did not behave as a SMM. The difference of SMM properties for Tb- and 
Dy-phNO is acceptable in the comparison with those for Tb- and Dy-6bpyNO in Chapter 5. 
These results are important to investigate the role of paramagnetic ligands in SMMs. It is 
noticed that the even/odd classification of the total magnetic moment are different between the 
Ln-variations, which is related to the Kramers theorem. However, the intramolecular exchange 
coupling for Ln-phNO (Ln = Tb, Dy) has not been clarified from the results of dc magnetic 
studies. Ferromagnetic coupling is strongly supported from the chemical trends observed in 
various systems.5 When a Gd-radical compound shows ferromagnetic coupling, isomorphous Tb 
and Dy compounds also shows ferromagnetic coupling.  If Ln-phNO has strong ferromagnetic 
coupling than cryogenic temperatures, the ground total spin of Tb-phNO is 7/2 (a Kramers 
molecule) whilst that of Dy-phNO is 3 (a non-Kramers molecule). These molecular spin states 
are consistent with the SMM properties for Ln-phNO. Therefore, this study indicates that the 
spin-parity effect can be adaptable to the Tb and Dy having ferromagnetic coupling. 
7.4. Conclusion 
Novel Ln compounds, Tb- and Dy-phNO, have been prepared successfully, and the magnetic 
properties were investigated. The cell parameters of Tb-phNO are quite similar to those of 
Gd-phNO, and the molecular structure was determined, indicating the presence of two 
independent molecules in a unit cell. The severe out-of-plane torsion was characterized in the 
coordination structure. This finding strongly suggests possible strong ferromagnetic coupling in 
Tb-phNO. Every Tb-phNO molecule behaved as a SMM behavior; Ueff(1)/kB = 46.3(7) K with 
0(1) = 1.9(3)10-9 s for one molecule and Ueff(2)/kB = 21(2) K with 0(2) = 1.3(9)10-8 s for the 
other.  
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7.5. Experimental Section 
Synthesis of [TbIII(hfac)3(phNO)(H2O)] (Tb-phNO). N-tert-butyl-N-phenylhydroxylamine6 
(16 mg, 0.095 mmol) was oxidized with Ag2O (96 mg, 0.41 mmol) in dichloromethane (4 mL) 
at room temperature for 1 h. The black solid was filtered off. After a n-heptane solution (50 mL) 
of [TbIII(hfac)3(H2O)2]7 (78 mg, 0.095 mmol) was boiled and concentrated to ca. 8 mL, the two 
solutions were combined while hot. The mixture was allowed to stand at –10 ºC in a refrigerator 
for 1 day. Yellow block polycrystals were collected on a filter, washed with a small amount of 
n-heptane, and air-dried. The yield was 4.6 mg (0.0048 mmol, 5.1%). Mp 78-80 °C (decomp.). 
Anal. Calcd for C27H23F18Tb1N1O8Cl4: C, 28.64; H, 2.05; N, 1.24%. Found: C, 27.77; H, 1.26; N, 
1.13%. IR (neat, ATR): 1650, 1558, 1532, 1473, 1249, 1195, 1134, 1097, 800, 769, 738, 659, 
584 cm−1.  
[DyIII(hfac)3(phNO)(H2O)] (Dy-phNO). Dy-phNO was synthesized according to the method 
used for Tb-phNO with a slight modification; namely, [DyIII(hfac)3(H2O)2]7 was utilized as a 
starting material. The yield was 24%. Mp 72-74 °C (decomp.). Anal. Calcd for 
C27H23F18Dy1N1O8Cl4: C, 28.55; H, 2.04; N, 1.23%. Found: C, 28.84; H, 1.39; N, 1.22%. IR 
(neat, ATR): 1648, 1559, 1533, 1456, 1251, 1193, 1140, 1011, 802, 768, 742,660, 585 cm−1. 
Single crystal X-ray diffraction. A general method (Section 2.2.2) was applied to the 
crystallographic analysis of Tb-phNO. Selected crystallographic data and geometrical 
parameters are listed in Tables 7.1. Residual electron densities in the Fourier map were assigned 
to disordered positions for phNO and hfac groups. The parameter interactions were severe, so 
that the parameter optimization was unsatisfactory at present. The occupancy factor was 
tentatively set to 50/50, and the thermal displacement factors of several atoms were refined 
isotropically. 
Magnetic measurements. For the details of dc and ac magnetic susceptibility and 
magnetization measurements for Tb- and Dy-phNO, see Experimental section in Chapter 2. 
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Chapter 8 
Nitroxide and Ketone Ligands Having Extremely Bulky 
Substituents 
Abstract 
Novel Ln-based compounds, [LnIII(hfac)3(DTBN)(H2O)] (Ln-DTBN; Ln = Gd, Tb; DTBN = 
di-tert-butyl nitroxide, Hhfac = 1,1,1,5,5,5-hexafluoropentane-2,4-dione) and 
[LnIII(hfac)3(L)(H2O)] (Ln-L; Ln = Gd, Tb, Eu; L = DTBK (di-tert-butyl ketone), BP 
(benzophenone)), were prepared, in which the nitroxide/carbonyl oxygen atom was coordinated 
to the Ln3+ ion, despite of the bulkiness of tert-butyl or phenyl groups in the ligand. The 
intramolecular Gd-radical antiferromagnetic coupling (2J/kB = –8.8(2) K) is relatively strong in 
Gd-DTBN. Complex Gd-DTBK is completely isomorphous to the DTBN derivative and 
accordingly can be regarded as a model with the ligand spin masked. The ac magnetic 
susceptibility measurements on Tb-L (L = DTBN, DTBK, BP) showed frequency dependence, 
characteristic of potential SMMs. Complexes Tb-DTBK and -BP also displayed 
photoluminescence in the solid state at room temperature.  
8.1. Introduction 
To pursue stronger exchange coupling in 4f-2p heterospin systems, aliphatic nitroxides are 
better candidates for paramagnetic ligands than aromatic nitroxides. As previous study, my 
colleagues Murakami and Nakamura have studied TEMPO compounds.1 Surprisingly, there has 
been no report on [LnIII(hfac)3(TEMPO)2] (Ln-TEMPO) although the TEMPO family is widely 
available for spin-probe and spin-labelled agents.2 As a parallel work, efforts are concentrated 
on the use of DTBN in the present work, which is commercially available but not so popular as 
TEMPO. 
 The present study first demonstrated that DTBN (Scheme 8.1), which has bulky 
substituents (tert-butyl group), can be coordinated to the Ln ions (Ln = Gd, Tb). The significant 
111 
 
features of DTBN are not only having the bulky substituent but also the high spin-localization at 
the N-O group. The spin localization at the N-O group is indicated by the hyperfine coupling 
constant aN, and Nnitroxide and Onitroxide atoms carry comparable spin densities.3 For an instance, aN 
= 1.5 mT for DTBN4 is larger than those for typical nitronyl nitroxides (ca. 0.75 mT)5 and 
2pyNO (1.0 mT).6 Generally, exchange coupling is proportional to a spin density at an 
interacting atom as noted in Chapter 3. Ln-DTBN complexes are expected to show the strong 
exchange Ln-radical coupling.  
 Furthermore, Ln-ketone complexes with DTBK and BP (Scheme 8.1) will be reported. 
Ketones are assumed as an alternative isostructural building block using a carbonyl group in 
place of a nitroxide group according to a strategy similar to that of Chapter 5. Ln-ketone 
compounds also are expected to be novel multifunction materials having SIMs and 
light-emitters. Radical compounds usually lead to quenching7 and Ln-radical compounds are 
unsuitable for luminescent materials. In this chapter, two Tb complexes involving DTBK and 
BP will be reported. The Eu3+ analogues are also prepared for a potential candidate for 
light-emitters. 
 
 
 
 
 
Scheme 8.1. Structural formulas of DTBN, DTBK, and BP. 
8.2. Results and Discussion 
8.2.1. Preparation and Crystal Structures 
[LnIII(hfac)3(DTBN)(H2O)] (Ln-DTBN; Ln = Gd, Tb) and [LnIII(hfac)3(L)(H2O)] (Ln-L; Ln = 
Gd, Tb, Eu; L = DTBK, BP) could be prepared simply by mixing solutions of 
[GdIII(hfac)3(H2O)2]8 and the para-/diamagnetic ligands with a molar ratio of 1/1. All the 
crystalline products as synthesized are suitable for structural, magnetic, and photoluminescent 
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studies. Three ligands have relatively bulky aliphatic and aromatic substituents. The success in 
the complexation widens the scope of choices available to designing of ligands.  
 The crystallography results on Ln-DTBN (Ln = Gd, Tb) and Ln-L (Ln = Gd, Tb, Eu; L = 
DTBK, BP) are given in Tables 8.1 and 8.2.  
 
a) b) 
 
 
 
 
 
 
 
 
Figure 8.1. Molecular structures and nearest-neighbor molecular arrangements of (a) 
Gd-DTBN and (b) Gd-DTBK. Thermal ellipsoids are drawn at the 50% probability level. 
Hydrogen atoms are omitted for clarity. Structural formulas are also shown.  
 
 The X-ray diffraction study on Ln-DTBN (Ln = Gd, Tb) clarified that there were two 
crystallographically independent molecules in a unit cell as shown in Figure 8.1a. Two 
molecules are dimerized so that the water ligands are folded inside whilst the whole dimer is 
hydrophobic outside with methyl and trifluoromethyl groups (Figure 8.1a). At the same time, 
the four paramagnetic centers, two DTBN and two Ln moieties, are magnetically insulated in a 
van der Waals crystal of dimeric Ln-DTBN. Hydrogen atoms could not be experimentally 
found, and accordingly the interatomic O···O distances are noted (Table 8.1). The 
Owaert(H-donor)···Ohfac(H-acceptor) distances are much shorter than the O2water···O10water 
distance. They may serve hydrogen bonds. 
 The two molecules in a dimer are similar to each other. The Ln3+ ions are coordinated by 
eight oxygen atoms, considering of one from nitroxide, one from a water molecule, and six  
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Table 8.1. Selected crystallographic data and geometry parameters for Ln-DTBN (Ln = Gd, 
Tb) and Ln-DTBK (Ln = Gd, Tb, Eu). 
a) R = ||Fo – Fc||/|Fo|. b) Rw = [w(Fo2 – Fc2)2/w(Fo2)2]1/2 
 Gd-DTBN Tb-DTBN  Gd-DTBK Tb-DTBK Eu-DTBK 
Formula C23H23F18NO8Gd C23H23F18NO8Tb  C24H23F18O8Gd C24H23F18O8Tb C24H23F18O8Eu 
Formula weight 940.66 942.33  938.66 940.34 933.37 
T/K 100 100  100 110 100 
Crystal system Triclinic Triclinic  Triclinic Triclinic Triclinic 
Space group P 1  P 1   P 1  P 1  P 1  
a/Å 9.6620(18) 9.61(2)  9.6606(14) 9.6418(13) 9.668(2) 
b/Å 17.014(4) 16.97(7)  16.998(3) 16.987(3) 16.992(4) 
c/Å 22.052(5) 22.02(3)  22.123(4) 22.120(4) 22.154(5) 
/º 107.668(8) 108.0(3)  108.184(7) 108.290(8) 108.027(10) 
/º 101.607(8) 101.5(3)  101.156(7) 101.159(8) 101.284(11) 
/º 101.768(8) 101.5(4)  101.525(8) 101.386(8) 101.514(11) 
V/Å3 3244.1(12) 3214(18)  3251.6(9) 3242.6(9) 3259.2(13) 
Z 4 4  4 4 4 
Dcalc / g cm-3 1.926 1.947  1.917 1.926 1.902 
(MoK) / mm-1 2.198 2.345  2.192 2.324 2.067 
R(F) (I>2(I))a) 0.0666 0.0726  0.0493 0.0357 0.0436 
Rw(F2) (all data)b) 0.1350 0.0739  0.0543 0.0354 0.0502 
Goodness-of-fit 1.045 0.986  1.028 1.030 1.010 
Number of unique 
reflections 
14595 13260  14812 14823 14840 
Interatomic 
distances [Å] 
      
O2water···O10water 3.500(8) 3.49(2)  3.527(8) 3.518(4) 3.513(4) 
O2water···O14hfac 2.941(9) 2.97(1)  2.913(7) 2.920(4) 2.901(5) 
O10water···O5hfac 2.954(7) 2.97(2)  2.931(7) 2.961(4) 2.926(4) 
O2water···O11hfac 3.114(7) 3.13(2)  3.116(7) 3.124(4) 3.105(4) 
O10water···O8hfac 3.166(9) 3.20(1)  3.137(7) 3.156(4) 3.131(5) 
Bond distances [Å]       
N1-O1 1.318(9) 1.31(1) C1-O1 1.232(8) 1.235(5) 1.232(5) 
N9-O2 1.316(9)  C25-O9 1.239(9) 1.236(6) 1.228(6) 
Gd1-O1 2.318(5) 2.30(1) Ln1-O1 2.378(4) 2.366(3) 2.384(3) 
Gd2-O9 2.311(6) 2.30(1) Ln2-O9 2.370(5) 2.363(3) 2.383(3) 
Bond angles [º]       
Gd1-O1-N1 158.8(5) 158.6(6) Ln1-O1-C1 164.5(5) 163.9(3) 163.8(3) 
Gd2-O9-N2 156.3(4) 154.8(7) Ln2-O9-C25 161.9(5) 160.6(3) 161.0(3) 
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from three co-ligands (hfac). The coordination polyhedra are described as the intermediate 
between BTPR and SAPR, as indicated with the SHAPE software.9 The N-O bond length is 
sensitive to the charge of >N-O group.11 The present bond lengths of N1-O1 and N2-O9 for 
Ln-DTBN (Ln = Gd, Tb) are consistent with those of aliphatic neutral >N-O groups,12 but 
slightly longer than the values reported on the DTBN-solvated solids (1.277(4)13a and 1.261(3) 
Å13b) and on a gas phase (1.28(3) Å by means of the electron diffraction).14 Furthermore, the 
Nnitroxide atoms are highly planer in Ln-DTBN, as indicated by a small displacement distance d 
of the nitrogen atom over the surrounding C2O1 triangle for N1 and N2 (0.072(7) and 0.011(7) 
Å for Gd-DTBN and 0.063(10) and 0.003(10) Å for Tb-DTBN, Scheme 8.2). They can be 
explained in terms of increasing contribution of a dipolar canonical structure drawn as >N+·-O-.  
 
 
 
 
 
 
Scheme 8.2. The distance d of the N atom over the surrounding C2O1 triangle. 
 
 The Onitroxide atoms are directly bonded to the Ln3+ ions with the interatomic distances 
(Ln1-O1 and Ln2-O9) and the Ln-O-N angles in Table 8.1. The Ln-O-N angles are much more 
obtuse that the sp2 angle, possibly owing to the steric hindrance of the tert-butyl groups. The 
Ln-O-N-C torsion angle is known to be a convenient metric for displacement of the Gd3+ ion 
from the nitroxide * nodal plane as noted in Chapters 3 and 6, but in the present compounds, 
the direction of the oxygen 2pz orbital can hardly be defined solely from these geometrical 
parameters. 
 The crystallography results on Ln-L (Ln = Gd, Tb, Eu; L = DTBK, BP) are summarized in 
Tables 8.1 and 8.2 and Figures 8.1b and 8.2. The DTBK compounds are all isomorphous in the  
 
 
115 
 
Table 8.2. Selected crystallographic data and geometry parameters for Ln-BP (Ln = Gd, Tb, 
Eu). 
a) R = ||Fo – Fc||/|Fo|. b) Rw = [w(Fo2 – Fc2)2/w(Fo2)2]1/2 
 
Ln-DTBK series, and so are the BP compounds in the Ln-BP series. Furthermore, the two 
series possess common features, as follows. There are two crystallographically independent 
 Gd-BP Tb-BP Eu-BP 
Formula C28H15GdF18O8 C28H15TbF18O8 C28H15EuF18O8 
Formula weight 978.64 980.32 973.35 
T/K 100 110 150 
Crystal system Triclinic Triclinic Triclinic 
Space group P 1  P 1  P 1  
a/Å 12.407(4) 12.404(4) 12.432(3) 
b/Å 16.808(5) 16.895(5) 16.872(3) 
c/Å 16.928(5) 16.916(5) 16.955(3) 
/º 106.314(12) 106.604(12) 106.364(8) 
/º 90.374(13) 90.006(12) 90.140(9) 
/º 92.388(12) 92.877(12) 92.489(9) 
V/Å3 3384.7(17) 3392.5(17) 3408.6(11) 
Z 4 4 4 
Dcalc / g cm-3 1.920 1.919 1.897 
(MoK) / mm-1 2.111 2.226 1.981 
R(F) (I>2(I))a) 0.0679 0.0450 0.0491 
Rw(F2) (all data)b) 0.0684 0.0450 0.0464 
Goodness-of-fit 1.004 0.993 0.973 
Number of reflections 15391 15427 15534 
Interatomic distances [Å]    
O2water···O10water 3.420(8) 3.425(5) 3.407(4) 
O2water···O14hfac 2.868(7) 2.906(4) 2.890(3) 
O10water···O5hfac 2.916(7) 2.916(5) 2.909(4) 
O2water···O11hfac 3.199(7) 3.198(5) 3.192(4) 
O10water···O8hfac 3.101(6) 3.101(4) 3.089(4) 
Bond distances [Å]    
C1-O1 1.242(9) 1.236(6) 1.237(6) 
C29-O9 1.242(9) 1.244(5) 1.241(5) 
Ln1-O1 2.332(5) 2.312(3) 2.341(3) 
Ln2-O9 2.359(5) 2.348(3) 2.374(3) 
Bond angles [º]    
Ln1-O1-C1 170.3(5) 169.0(3) 170.1(3) 
Ln2-O9-C29 148.9(5) 147.7(3) 148.3(3) 
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molecules in a unit cell. Two molecules are dimerized so that the water ligands are folded inside 
whilst the whole dimer is hydrophobic outside with tert-butyl or phenyl and trifluoromethyl 
groups. The Gd3+ ions in a dimer are linked with hydrogen bonds across the water ligands. 
Selected geometry parameters are listed in Tables 8.1 and 8.2. The Ln3+ ion in Ln-DTBK and 
-BP have coordination polyhedra as intermediate between SAPR and BTPR similar to the 
coordination polyhedra of Gd-DTBN.15 From combining the SHAPE analysis, Ln-DTBK can 
be regarded as a model for Ln-DTBN with the ligand spin masked like the relation of 
Tb-6bpyCO to Tb-6bpyNO in Chapter 5. 
 
 
 
 
 
 
 
 
 
 
Figure 8.2. The molecular structure and nearest-neighbor molecular arrangement of Gd-BP. 
Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms are omitted for 
clarity. Structural formula is also shown. 
8.2.2. Magnetic Properties 
The result on the dc magnetic susceptibility for Gd-DTBN is shown in Figure 8.3a (red circles), 
measured on a SQUID magnetometer at an applied magnetic field of 500 Oe. The specimen was 
fixed with a small amount of mineral oil, and the data can be regarded as a powder average. The 
mT value was 8.26 cm3 K mol-1 at 300 K, being compatible with the theoretical values at the 
non-interacting limit from one S = 1/2 and one S = 7/2 species with g = 2 (8.3 cm3 K mol-1). On 
cooling, the mT value started to decrease around 100 K and reached 6.40 cm3 K mol-1 at 8 K. 
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This decrease is attributed to antiferromagnetic Gd-radical coupling. On further cooling, the mT 
value reached 5.88 cm3 K mol-1 at 1.8 K. This finding suggests the co-existence of relatively 
weak intermolecular antiferromagnetic coupling.† The experimental data for Gd-DTBN at 
14-300 K was analyzed with an expression (eq. (2.25)) derived from a Heisenberg spin 
Hamiltonian, 
radGd
ˆˆ2ˆ SSJH  . The best fit was obtained with 2JGd-rad/kB = –8.8(2) K and g = 
2.013(1) (a solid line in Figure 8.3a). This exchange coupling constant is relatively large in 
4f-2p heterospin compounds (cf. Chapter 3).  
 
a) b) 
 
 
 
 
 
 
 
 
Figure 8.3. Temperature dependence of mT for (a) Gd-DTBN and -DTBK and (b) Tb-DTBN 
and -DTBK, measured at 500 Oe. Inset: magnetization curves for (a) Gd-DTBN and -DTBK 
and (b) Tb-DTBN and -DTBK, measured at 1.8 K. Solid lines in (a) stand for simulated curves. 
For details, see the text. 
 
 Likewise, the dc magnetic susceptibility of Tb-DTBN, measured at an applied magnetic 
field of 500 Oe in a temperature range 1.8-300 K, are displayed in Figure 8.3b (red circles). The 
specimen was fixed with a small amount of mineral oil. At 300 K, the mT value was 12.1 cm3 
K mol-1 for Tb-DTBN. This is close to the theoretical values at the high-temperature limit as 
similar to Tb-6bpyNO (12.2 cm3 K mol-1) in Chapter 5. On cooling, the mT values 
monotonically decreased to 6.77 cm3 K mol-1 at 1.8 K. Since powder samples were used, the 
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major part of the reduction is caused by the anisotropy of Ln3+ ions. The contribution of the 
exchange coupling between the Ln3+ ion and radical seems to be minor.  
 Now, let us move to the (mT) analysis to prove the presence of antiferromagnetic 
coupling. The results of magnetic susceptibilities of two model compounds for Ln-DTBK (Ln = 
Gd, Tb) are superposed in Figure 8.3a and b, respectively, measured with the same conditions 
on those of Ln-DTBN. At 300 K, the mT values were 7.76 and 12.6 cm3 K mol-1 for 
Ln-DTBK (Ln = Gd, Tb), respectively, close to the theoretical values of 7.88 and 11.8 cm3 K 
mol-1 expected from a free Ln3+ (Ln = Gd, Tb) ion. On cooling, the mT profile for Gd-DTBK 
practically kept flat, indicating that intermolecular coupling is negligible. On the other hand, the 
mT value for Tb-DTBK decreased below 50 K. The notable mT decrease is ascribable to the 
thermal depopulation of the large Jz state on cooling.  
 
 
 
 
 
 
 
 
 
Figure 8.4. Temperature dependence of mT as defined by mT = (mT)Ln-DTBN –
(mT)Ln-DTBK for (a) Gd compounds (red circles) and (b) Tb compounds (blue circles). 
   
 In Chapter 5, it has been clarified that the mT method is an effective approach in order 
to qualitatively determine the magnetic coupling in 4f-2p heterospin systems. Hence, the 
difference mT = (mT)Ln-DTBN – (mT)Ln-DTBK implies the nature of the exchange Ln-radical 
interaction and radical-radical intermolecular interaction. In this case, the radical-radical 
interaction is minor according to the crystallographic study. The temperature dependences of 
mT for Gd and Tb compounds are displayed in Figure 8.4 (red and blue circles, 
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respectively). The mT for the Gd compounds (red circles) shows a slight positive value at 
room temperature due to the residual radical spin and a negative value below ca. 70 K, 
indicating the antiferromagnetic Gd-radical coupling.  
 The mT value for the Tb compounds was entirely negative below ca. 100 K, indicating 
the antiferromagnetic Tb-radical coupling. At the lowest temperature region below 10 K, an 
upturn appeared, possibly ascribable to a small residual portion from the difference between the 
crystal fields and/or intermolecular interactions. This may only slightly contribute to the total 
mTIt can be safely concluded that Tb-DTBN involves intramolecular 4f-radical 
antiferromagnetic coupling.  
 The M(B) results support the (T) results. The magnetization curve of Gd-DTBN measured 
at 1.8 K is shown in the inset of Figure 8.3a (red circles). The calculated curve from the 
Brillouin function (eq. (2.13)) with Stotal = 3 and g = 2 (a solid line) almost reproduces the 
experimental data (red circles). The magnetization was saturated at 6.0 B around 7 T. This 
finding is attributed to the Gd-radical antiferromagnetic coupling. Furthermore, the field 
dependence of the magnetizations was investigated for Gd-DTBK, measured under the same 
conditions on those of Gd-DTBN (blue circles). The magnetization at 7 T was 7.09 B, in good 
agreement with the theoretical value of 7 B for a free Gd3+ ion.  
 The magnetization curve of Tb-DTBN at 1.8 K is shown in the inset of Figure 8.3b (blue 
circles). The specimen was not fixed, so that the microcrystalline specimen would be aligned in 
the field direction. The magnetization tends to saturate in higher fields and the value was 6.86 
B at 7 T for Tb-DTBN. The saturation moment did not reach to the expected value (8 B as the 
sum of a free Tb3+ ion and DTBN radical), being reduced about 14% from those of the single 
site values. The field dependence of the magnetization was also investigated for Tb-DTBK, 
measured the same conditions on those of Tb-DTBN (blue circles). The magnetization of 
Tb-DTBK at 7 T was 7.77 B. The saturation magnetization of Tb-DTBN is smaller than that 
of Tb-DTBK by ca. 1 B, indicating the antiferromagnetic Tb-radical coupling.  
 As for the BP complex, normal single ion properties were recorded. Figure 8.5 displays the 
dc magnetic susceptibilities of Ln-BP (Ln = Gd, Tb), measured under the same conditions as 
those of Gd-DTBN. At 300 K, the mT value was 7.96 and 12.1 cm3 K mol-1 for Ln-BP (Ln = 
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Gd, Tb), respectively. The experimental mT values are close to the theoretical values of 7.88 
and 12.2 cm3 K mol-1 expected from a free Ln3+ (Ln = Gd, Tb) ion. On cooling, the mT value 
for Gd-BP only slightly decreased below 10 K, indicating that intermolecular coupling is 
negligible. On the other hand, the mT value for Tb-BP decreased below 50 K. The notable mT 
decrease is ascribable to thermal depopulation of the large Jz state on cooling.  
 The field dependence of the magnetizations was also investigated for Ln-BP (Ln = Gd, Tb) 
at 1.8 K (the inset of Figure 8.5). The specimens were not fixed, so that the microcrystalline 
specimens would be aligned in the field direction. The magnetizations at 7 T were 7.09 and 8.37 
B for Ln-BP (Ln = Gd, Tb), respectively, in good agreement with the theoretical values of 7 B 
and 9 B for free Gd3+ and Tb3+ ions, respectively.  
 
 
 
 
 
 
 
 
 
 
Figure 8.5. Temperature dependence of mT for Gd- (red circles) and Tb-BP (blue circles), 
measured at 500 Oe. Inset: magnetization curve for Gd- (red circles) and Tb-BP (blue circles), 
measured at 1.8 K.  
8.2.3. Dynamic Magnetic Properties 
Figure 8.6 shows the in-phase and out-of-phase portions of the ac magnetic susceptibilities (m’ 
and m”, respectively) for Tb-L (L = DTBN, DTBK, BP), measured without and with an 
applied dc field of 2000 Oe. Compound Tb-DTBN showed slight frequency dependence 
(Figure 8.6a). 
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a) b) 
 
 
 
 
 
 
 
c) d) 
 
 
 
 
 
 
 
e) f) 
 
 
 
 
 
 
 
Figure 8.6. Ac magnetic susceptibilities for Tb-DTBN at applied dc bias fields of (a) 0 Oe and 
(b) 2000 Oe, for Tb-DTBK at applied dc bias fields of (c) 0 Oe and (d) 2000 Oe, and for 
Tb-BP at applied dc bias fields of (e) 0 Oe and (f) 2000 Oe.  
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On the other hand, Tb-DTBK and -BP did not show any frequency dependence without any 
bias field (Figure 8.6c and e). When a dc bias field of 2000 Oe was applied,16 a decrease in m’ 
and concomitant increase in m” were recorded for three Tb compounds (Figure 8.6b, d, and f). 
The dc bias field was applied to suppress possible QTM at zero field.17 When m” was plotted 
against m’ at various temperatures according to the Cole-Cole analysis for Tb-DTBN, a 
semicircle was drawn at 2.5 K with  = 0.236(2) (Figure 8.7a). The  value in the Debye model 
is relatively small (cf. Chapter 2). This finding guarantees a single relaxation process in each 
molecule.  
 Using the frequency dependence of the m” data at an applied dc field of 2000 Oe (Figure 
8.6b, c, and f), the Arrhenius plots for Tb-DTBN, DTBK and -BP are drawn, clarifying a 
straight line for each compound (Figure 8.7b). The effective energy barrier (Ueff) for the 
magnetization reversal and pre-exponential factor (0) were determined according to the 
Arrhenius equation (eq. (2.35)), giving Ueff/kB = 19.2(6) K and 0 = 4(1)×10-8 s for Tb-DTBN, 
Ueff/kB = 40(2) K and 0 = 6(4)×10-11 s for Tb-DTBK, and Ueff/kB = 52(1) K and 0 = 
1.5(6)×10-12 s for Tb-BP.  
 
a) b) 
 
 
 
 
 
 
 
Figure 8.7. (a) Cole-Cole plot for Tb-DTBN. (b) Arrhenius plots for Tb-DTBN (red circles), 
-DTBK (blue circles), and –BP (green circles). 
 
 Complex Tb-DTBN showed frequency-dependence of m” at Hdc = 0 Oe (Figure 8.6a). On 
the other hand, the ac magnetic susceptibility measurements on the ketone compounds displayed 
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no m” at Hdc = 0 Oe (Figure 8.6c). In short, Tb-DTBN is a better SMM than Tb-DTBK and 
-BP. The ground total spin of Tb-DTBN is 5/2 (a Kramers molecule) whilst those of ketone 
compounds are 3 (non-Kramers molecules). The present results are compatible with the 
spin-parity effects described in Chapters 5 and 7. However, from a closer look at the ac results 
on Tb-DTBN/-DTBK, Tb-6bpyNO/-6bpyCO (Chapter 5), and Tb-/Dy-phNO (Chapter 7), the 
criterion based on the Kramers theorem for SMMs is vague for the present case. It may be 
related to the magnitude of the exchange coupling. The Kramers criterion holds for the systems 
where the spin-spin coupling is strong enough, compared to the temperature of the 
measurements.  
8.2.4. Photoluminescence Properties 
Since a Eu3+ ion has no magnetic moment at the ground state, Eu-DTBK and -BP were not 
subjected to any magnetic study. Instead, they are of interest from the viewpoint of luminescent 
materials. Tb-DTBK and -BP showed bright green and Eu-DTBK and -BP bright red 
luminescence, which is visible to the naked eye under a handy UV lamp (Figure 8.8).  
 
 a)  
  
 
 
b) 
 
 
 
Figure 8.8. Photographs of the solid samples of (left) Tb-DTBK, (center) Tb-DTBN, and 
(right) Eu-BP at room temperature (a) in dark and (b) under irradiation of 254 nm UV light.  
 
 The emission spectra in the solid phase are shown in Figure 8.9a under the irradiation at ex 
= 360 nm at room temperature. The luminescence peaks of a Tb3+ ion on Tb-DTBK and -BP 
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were located at 488, 544, 581-587, and 618-622 nm, which are assigned to the f-f transitions of 
5D4 → 7F6, 5D4 → 7F5, 5D4 → 7F4, and 5D4 → 7F3, respectively.18 The excitation spectra of 
Tb-DTBK and -BP measured at 300 K are shown in Figure 8.9b, and the spectra of both 
compounds are similar to each other in the profile. There are three peaks, 360, 480 (5D4 ← 7F6), 
and 550 nm, and two shoulders, 390 (5D3 ← 7F6) and 440 nm. The peak of 360 nm 
corresponding to the absorption of the organic ligand is the maximum intensity in the excitation 
spectra for Tb-DTBK and -BP. The absolute quantum yields of the photoluminescence were 
determined to be 57 and 35% for Tb-DTBK and -BP, respectively, with the excitation at 360 
nm. These values are improved from that of the starting material [TbIII(hfac)3(H2O)2] of 28% 
with the excitation at 370 nm.  
 
a) b) 
 
 
 
 
 
 
 
Figure 8.9. (a) Emission spectra of Tb-DTBK and -BP at 300 K excited with ex = 360 nm. (b) 
Excitation spectra of Tb-DTBK and -BP at 300 K monitored at em = 544 nm. 
 
 There seem to be two reasons for the improvement of the light emission. One is related to 
the role of an enhancer of quantum efficiency. The additional ketone compounds (DTBK and 
BP) could contribute to the efficient intramolecular energy transfer from the triplet state of the 
organic ligand (T1) to the low-lying excited state of a Tb3+ ion (5D4). The other is related to a 
light-harvesting effect. In general, organic chromophores have a larger absorption coefficient  
than Ln ions have. These effects are known as an antenna effect.19,20 In addition, the presence of 
coordinated water molecules for the Ln-luminescence properties, because the OH vibration of a 
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water molecule could cause the non-radiative deactivation of the f-f transition.20,21 In this case, 
the number of coordinated water molecules of Tb-DTBK and -BP is one, whereas that of the 
starting material is two. The difference of the number of water molecules is consistent with the 
photoluminescence properties observed for Tb-DTBK and -BP, compared with those of 
[TbIII(hfac)3(H2O)2].   
 The emission spectra of Eu-DTBK and -BP were recorded under the irradiation at ex = 
400 nm at room temperature (Figure 8.10a). The luminescence peaks appeared at 587-598, 
614-622, 652, and 699 nm, which are assigned to the f-f transitions of 5D0 → 7F1, 5D0 → 7F2, 5D0 
→ 7F3, and 5D0 → 7F4, respectively.18 The excitation spectra of Eu-DTBK and -BP measured at 
300 K are shown in Figure 8.10b. There are three peaks at 400, 470 (5D2 ← 7F0), and 550 (5D1 
← 7F0) nm, and a shoulder at 350 nm. The quantum yields were determined to be 8 and 15% for 
Eu-DTBK and -BP, respectively, with the excitation at 400 nm. These values are higher than 
that of [EuIII(hfac)3(H2O)2] of 4% with the excitation at 400 nm. 
 
a) b) 
 
 
  
 
 
 
 
Figure 8.10. (a) Emission spectra of Eu-DTBK and -BP at 300 K (ex = 400 nm). (b) Excitation 
spectra of Eu-DTBK and -BP at 300 K (em = 614 nm). 
8.3. Conclusion 
Using the three ligands, DTBN, DTBK, and BP, having a bulky substituent (tert-butyl or phenyl 
groups). Eight novel Ln-based compounds, Ln-DTBN (Ln = Gd, Tb) and Ln-DTBK and -BP 
(Ln = Gd, Tb, Eu), were prepared. The present work clarifies the notable affinity of ketone 
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groups to the Ln ions. It should be regarded as being a surprise; DTBK and BP can easily ligate 
the Ln3+ ions. Gd-DTBN shows the relatively strong intramolecular antiferromagnetic 
Gd-radical coupling (2J/kB = -8.8(2) K).† Tb-DTBN behaved as a SMM with Ueff/kB = 19.2(6) 
K and 0 = 4(1)×10-8 s at the external dc bias of 2000 Oe. Tb-DTBK and -BP also showed slow 
relaxation of magnetization as a SIM, but the performance is not so pronounced as that of 
Tb-DTBN. Complexes Ln-DTBK and -BP (Ln = Tb, Eu) displayed photoluminescence in the 
solid state at room temperature.  
8.4. Experimental Section 
Materials. DTBN, DTBK, and BP were purchased from commercial supplies and used without 
further purification.  
Synthesis of [GdIII(hfac)3(DTBN)(H2O)] (Gd-DTBN). A starting material 
[GdIII(hfac)3(H2O)2]8 (165 mg, 0.20 mmol) was dissolved in n-heptane (45 mL). After being 
boiled and concentrated to a volume of ca. 10 mL, the solution was allowed to stand to be 
cooled. A dichloromethane solution (4 mL) containing 33.2 mg (0.21 mmol) of DTBN was 
added to the above n-heptane solution. The combined solution was stirred and filtered, and the 
filtrate was kept in a refrigerator. A yellow platelet polycrystalline product (Gd-DTBN) was 
collected on a filter, washed, and air-dried (50 mg, 0.053 mmol). The yield was 26%. Mp. 70-71 
ºC (decomp.). Anal. calcd.: C, 29.37; H, 2.46; N, 1.49% for C23H23F18Gd1N1O8. Found: C, 
29.24; H, 2.55; N, 1.67%. IR spectrum (neat, ATR) 3622, 1646, 1614, 1561, 1533, 1461, 1411, 
1397, 1374, 1349, 1251, 1195, 1136, 1097, 801, 772, 741, 660, 634, 584, 528, 465, 427 cm-1. 
[TbIII(hfac)3(DTBN)(H2O)] (Tb-DTBN). Tb-DTBN was synthesized according to the method 
used for Gd-DTBN with a slight modification; namely, [TbIII(hfac)3(H2O)2]8 was utilized as a 
starting material. The yield was 25%. Mp. 64-65 °C (decomp.). Anal. Calcd. For 
C23H23F18Tb1N1O8: C, 29.32; H, 2.46; N, 1.49%. Found: C, 29.46; H, 2.45; N, 1.48%. IR (neat, 
ATR) 3625, 1646, 1614, 1562, 1533, 1461, 1411, 1397, 1374, 1349, 1251, 1195, 1136, 1098, 
801, 772, 741, 660, 634, 584, 528, 470, 427 cm-1.  
Synthesis of [LnIII(hfac)3(DTBK)(H2O)] (Ln = Gd, Tb, Eu; Ln-DTBK). Complexes 
Ln-DTBK (Ln = Gd, Tb, Eu) were prepared from [LnIII(hfac)3(H2O)2] (Ln = Gd, Tb, Eu)8 and 
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DTBK in a dichloromethane-n-heptane mixed solvent, according to the procedure known for 
Gd-DTBN.  
[GdIII(hfac)3(DTBK)(H2O)] (Gd-DTBK). The yield was 38%. Mp. 78-80 °C (decomp.). Anal. 
Calcd. For C24H23F18Gd1O8: C, 30.71; H, 2.47%. Found: C, 30.63; H, 2.27 %. IR (neat, ATR) 
3617, 3480, 1645, 1639, 1458, 1251, 1194, 1135, 1098, 803, 659, 584 cm-1. 
[TbIII(hfac)3(DTBK)(H2O)] (Tb-DTBK). The yield was 47%. Mp. 74-76 °C (decomp.). Anal. 
Calcd. For C24H23F18Tb1O8: C, 30.65; H, 2.47%. Found: C, 30.98; H, 2.23 %. IR (neat, ATR) 
3618, 3490, 1645, 1639, 1457, 1251, 1193, 1134, 1098, 803, 659, 584 cm-1.  
[EuIII(hfac)3(DTBK)(H2O)] (Eu-DTBK). The yield was 28%. Mp. 81-84 °C (decomp.). Anal. 
Calcd. For C24H23F18Eu1O8: C, 30.88; H, 2.48%. Found: C, 30.73; H, 2.15 %. IR (neat, ATR) 
3616, 3482, 1645, 1639, 1458, 1251, 1195, 1134, 1097, 803, 659, 584 cm-1. 
Synthesis of [LnIII(hfac)3(BP)(H2O)] (Ln = Gd, Tb, Eu; Ln-BP). Complexes Ln-BP (Ln = 
Gd, Tb, Eu) were prepared from [LnIII(hfac)3(H2O)2] (Ln = Gd, Tb, Eu)8 and BP in a 
dichloromethane-n-heptane mixed solvent, according to the procedure known for Gd-DTBN.  
[GdIII(hfac)3(BP)(H2O)] (Gd-BP). The yield was 19%. Mp. 80-82 °C (decomp.). Anal. Calcd. 
For C28H15F18Gd1O8: C, 34.36; H, 1.54%. Found: C, 33.88; H, 1.10%. IR (neat, ATR) 3619, 
1647, 1455, 1251, 1197, 1135, 1096, 802, 659 cm-1.  
[TbIII(hfac)3(BP)(H2O)] (Tb-BP). The yield was 27%. Mp. 78-79 °C (decomp.). Anal. Calcd. 
For C28H15F18Tb1O8: C, 34.31; H, 1.54%. Found: C, 34.59; H, 1.14%. IR (neat, ATR) 3621, 
1647, 1454, 1251, 1198, 1136, 1097, 803, 659 cm-1.  
[EuIII(hfac)3(BP)(H2O)] (Eu-BP). The yield was 25%. Mp. 79-80 °C (decomp.). Anal. Calcd. 
For C28H15F18Eu1O8: C, 34.55; H, 1.55%. Found: C, 34.12; H, 1.09%. IR (neat, ATR) 3620, 
1645, 1455, 1251, 1197, 1135, 1095, 802, 659 cm-1. 
Single crystal X-ray diffraction. A general method (Section 2.2.2) was applied to the 
crystallographic analysis of Ln-DTBN (Ln = Gd, Tb) and Ln-DTBK and -BP (Ln = Gd, Tb, 
Eu). Selected crystallographic data and geometrical parameters are listed in Tables 8.1 and 8.2. 
CCDC numbers 969002, 1436140, 1436141, 1436142, 1436143, 1444445, and 1444446 contain 
the supplementary crystallographic data for Gd-DTBN, Gd-DTBK, Tb-DTBK, Gd-BP, 
Tb-BP, Eu-DTBK, and Eu-BP, respectively. 
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Magnetic measurements. For a general method of dc and ac magnetic susceptibility and 
magnetization measurements for Ln-L (Ln = Gd, Tb; L = DTBN, DTBK, BP), see 
Experimental section in Chapter 2. 
Photoluminescence measurements. The emission and excitation spectra and the absolute 
quantum yields of Ln-DTBK and -BP (Ln = Tb, Eu) were measured at room temperature using 
a Hamamatsu Photonics Quantaurus-QY C11347 absolute PL quantum yield measurement 
system. The emission spectra were recorded by scanning from 250 to 600 nm at 10 nm intervals. 
The excitation wavelength was set to the absorption maximum in the solid state. The holder 
blank data were measured separately and subtracted from the raw sample data. 
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Chapter 9 
Biradical Compound with Notably Strong 
Antiferromagnetic Interaction 
Abstract 
The study on magnetic properties of 
bis{(5,6-dihydro-6-methyl-phenanthridin-5-oxyl-6-yl)}methane (BPDO) revealed practically 
diamagnetic character, though BPDO has two nitroxide groups in a molecule as clarified by the 
crystal structure analysis. Two radical chromophores form a “pseudo-ipso” pancake-like dimer. 
DFT calculation study confirmed the notably strong intramolecular antiferromagnetic coupling 
between the two radical moieties. 
9.1. Introduction 
a) b) c) 
 
 
 
 
Scheme 9.1. Structural formulas of (a) 
6,6-bis(p-ethylphenyl)-5,6-dihydrophenanthridin-5-yloxyl (R = p-C2H5-C6H4)1 and DMPO (R = 
CH3), (b) [2.2]cyclophane,4 and (c) 9,9-bis(4-tolyl)-9,10-dihydroacridin-10-yloxyl.5 
 
According to Figure 3.1, it would be another target whether ferro- or antiferromagnetic 
Gd-radical coupling occurs in || > 90º. Through Chapters 3-7, ArNO has been used for the 
development of 4f-2p heterospin compounds. To introduce the large torsion angle between Gd 
and radical sites, 6,6-dimethyl-5,6-dihydrophenanthridin-5-yloxyl (DMPO; Scheme 9.1a, R = 
CH3) is assumed to be a suitable radical, because the steric hindrance of the dimethyl group of 
132 
 
DMPO is smaller than that of tert-butyl group of ArNOs. The Gd compound using this radical 
as a paramagnetic ligand is expected to show the large torsion angle between Gd and radical 
sites.  
 During synthesis of DMPO, bis{(5,6-dihydro-6-methyl 
phenanthridin-5-oxyl-6-yl)}methane (BPDO; figure 9.1a) was unexpectedly obtained as a 
by-product in the general reaction procedure toward 6,6-disubstituted 
dihydrophenanthridin-N-oxyls.1,2 Although BPDO is not a target, the specific structure and the 
magnetic properties of BPDO attracted much interest.  
 Singly occupied molecular orbitals (SOMOs) extended on -conjugated systems are likely 
to overlap in crystal packing to give intermolecular antiferromagnetic interactions. A 
mechanism for ferro/antiferromagnetic interaction in aromatic and olefinic radicals was 
proposed by McConnell in 1963,3 and experimentally verified by Iwamura and co-workers in 
1985 by using the [2.2]paracyclophane skeletons (Scheme 9.1b).4 The nitroxide radical center is 
suitable for such studies on controlling magnetic coupling because of the easily accessible and 
handling nature, and the pseudo-ortho pancake-like dimer (Scheme 9.2) of a 
9,9-bis(4-tolyl)-9,10-dihydroacridin-10-yloxyl (Scheme 9.1c) was found to possess 
intermolecular ferromagnetic coupling.5 A slipped pancake has also been characterized in 
dimeric 6,6-bis(p-ethylphenyl)-5,6-dihydrophenanthridin-5-yloxyl (Scheme 9.1a, R = 
p-ethyl-C6H4), which exhibited intermolecular ferromagnetic coupling.1 Generally crystal 
engineering approaches are still challenging,6 and tethering two radical molecules would serve a 
promising way like Iwamura’s report using paracyclophanes.  
 
 
 
 
 
 
 
Scheme 9.2. Isomeric configurations of pancake dimers. 
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 Singly alkyl-bridged bichromophoric molecules are regarded as incomplete “phanes,” 
leading to so much conformational freedom that the chromophores cannot necessarily interact 
each other.7 Very fortunately, however, strong antiferromagnetic interaction was found in a 
symmetrical biradical, BPDO.  
 A novel compound BPDO was prepared from the reaction of 6-cyanophenanthridine 
N-oxide2 and the methyl Grignard reagent. The product is stable under ambient conditions, and 
BPDO was characterized by means of elemental and spectroscopic analyses and finally by 
X-ray crystallographic analysis. 
9.2. Results and Discussion 
9.2.1. Preparation and Crystal Structure 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 9.3. Formation mechanism of BPDO 
 
BPDO was unexpectedly obtained as a by-product in the general reaction procedure toward 
6,6-disubstituted dihydrophenanthridin-N-oxyls.1,2 A plausible mechanism can be proposed as 
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follows, involving a deprotonated species from 6-methylphenanthridine N-oxide as an 
intermediate nucleophile. Autoxidation would occur during the work-up. 
 BPDO crystallizes in a monoclinic P21/c space group (Table 9.1). A whole molecule is 
crystallographically independent but has an approximate Cs symmetry. The N1-O1 and N2-O2 
bond lengths (1.2888(12) and 1.2843(13) Å, respectively) are typical of those of alkyl aryl 
nitroxides.8 The two dihydrophenanthridine cores are dimerized in a pseudo-ipso pancake 
fashion (Scheme 9.2), though they exhibit a V-shaped configuration with a dihedral angle of 23°. 
The methylene bridge (C27) has a relatively wide bond angle (116.80(10)° for C7-C27-C20),  
 
a) b) 
 
 
 
 
 
 
 
c) d) 
 
 
 
 
 
 
 
 
Figure 9.1. (a) Structural formula of BPDO. (b) Top-view, (c) side-view, and (d) another 
side-view of X-ray crystal structure of BPDO. The thermal ellipsoids are drawn at the 50% 
probability level. 
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Table 9.1. Selected crystallographic data and bond lengths (Å) for BPDO. 
Compound BPDO 
Formula C29H14N2O2 
Formula weight 432.52 
T / K 100 
Crystal system monoclinic 
Space group P21/c 
a / Å 14.933(2) 
b / Å 10.7145(18) 
c / Å 14.7526(19) 
 / ° 117.990(6) 
V / Å3 2084.3(5) 
Z 4 
Dcalc / g cm-3 1.378 
 (MoK) / mm-1 0.087 
R(F)a) (I > 2(I)) 0.0453 
Rw(F2)b) (all data) 0.0471 
Goodness-of-fit 1.014 
Number of unique reflections 4574 
Intraatomic distances [Å]  
N1-O1 / Å 1.2888(12) 
N2-O2 / Å 1.2843(13) 
Interatomic distances [Å]  
O1···O2 / Å 2.3940(16) 
N1···N2 / Å 2.5583(18) 
C1···C14 / Å 3.123(2) 
C2···C15 / Å 3.263(2) 
C7···C20 / Å 2.626(2) 
C8···C21 / Å 3.100(2) 
C9···C22 / Å 3.247(2) 
a) R =  ||Fo| – |Fc||/ |Fo|. b) Rw = [w(Fo2 – Fc2)2/ w(Fo2)2]1/2.
 
compared with the typical sp3-hybridized bond angle. The interatomic distances between the 
two planes are relatively short in particular near the methylene bridge. The first and second 
shortest interplanar distances are found in O1•••O2 and N1•••N2 (Table 9.1), being 21 and 17% 
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shorter than the sum of the van der Waals radii (O/O: 3.04 Å; N/N: 3.10 Å),9 respectively. The 
C1•••C14, C 2•••C15, C8•••C21, and C9•••C22 distances are 3.10 – 3.26 Å. They are 7-3 % 
shorter than the graphite interlayer distance (3.35 Å).10 For the exchange coupling, the benzene 
rings bound directly to the nitroxide group are important, and accordingly the -interaction on 
C1•••C14 and C2•••C15 seems to play a major role despite the slightly longer distances. Such 
pseudo-ipso configuration inevitably accompanies possible radical-radical through-space 
interaction. The spin density is the most distributed onto the nitroxide oxygen and nitrogen 
atoms, as suggested from the DFT calculation (see below). The major exchange channel would 
be through the O1•••O2 and N1•••N2 contacts. Note that the O1•••O2 and N1•••N2 distances 
are shorter than that of C7•••C20, suggesting the attractive interaction between the nitroxide 
groups. 
 The shortest interatomic distances among the nitroxide groups are found as 4.8059(16) Å 
for O2•••N1* and 4.8836 (18) Å for N2•••N1*, where the symmetry operation code of * is (x, –
y+1, z+1). They are almost twice as long as the intramolecular one, and accordingly the 
magnetic interaction can be assigned mainly to the intramolecular interaction. 
9.2.2. Magnetic Study 
 
 
 
 
 
 
 
 
Figure 9.2. Temperature dependence of mT for BPDO. 
 
The magnetic susceptibility was measured for a polycrystalline specimen of BPDO in 1.8-300 
K on a SQUID magnetometer (Figure 9.2). The mT value is practically null up to room 
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temperature. This finding indicates the presence of strong intramolecular antiferromagnetic 
coupling. 
 The strong antiferromagnetic coupling was supported with the ESR analysis. A solution 
ESR spectrum of BPDO (toluene, room temperature) showed a trace of a one-nitrogen pattern 
with aN = 10.8 mT and ao-H = ap-H = 3.14 mT at g = 2.0056. This finding suggests that the 
low-lying antiferromagnetic state is realized even in solution and that the signal is assignable to 
a monoradical impurity. 
9.2.3. DFT Calculation Study  
DFT calculations of BPDO were performed at the UB3LYP/6-311+G(2d,p) level on 
Gaussian0311 using the atomic coordination determined from the crystallography. The 
calculation on triplet and broken-symmetry singlet states (BS)12 gave EBS = –1379.345054304 
a.u. with <S2>BS = 0.0508 and ET = –1379.327996899 a.u. with <S2>T = 2.0004. The spin 
density maps of the singlet and triplet states are shown in Figure 9.3, which approximately 
demonstrates the SOMOs. The orbital overlaps of 2pz(O1)•••2pz(O2) and 2pz(N1)•••2pz(N2) are  
 
a) b) 
 
 
 
 
 
 
Figure 9.3. DFT calculation results of the spin density for (a) the ground singlet and (b) the 
excited triplet states of BPDO. Blue and white lobes stand for positive and negative spin 
densities, respectively. 
 
appreciable. The nearly lack of the spin distribution on the bridging methylene rejects 
possibility of the -pathway of exchange coupling. The coupling constant is estimated 
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according to Yamaguchi’s equation:13 J = (EBS – ET)/(<S2>T – <S2>BS), thus giving 2J/kB = –
5520 K for BPDO. Namely, BPDO is practically diamagnetic. 
9.2.4. Discussion 
It is meaningful to compare BPNO and - dimerized paramagnetic species, like triangulene 
derivatives.14 Kubo, Morita, and co-workers clarified that tri-tert-butyltriangulene formed a 
-dimer with the interplanar distance is 3.2-3.3 Å and 2J/kB = –3.34(3)×103 K.14 The interplanar 
shortest distance is much shorter in BPDO (2.3940(16) Å), so that the present result would be 
acceptable. Haddon and co-workers revealed the separation of the phenalenyl -dimer to be ca. 
3.2 Å and only qualitatively reported the diamagnetic character.15 Koutentis and co-workers 
reported that a dimer of a dihydrobenzotriazinyl derivative displayed 2J/kB = –240 K from the 
interatomic distance of 3.319(2) Å.16 Fujita and Awaga estimated 2J/kB = –2600 K for the 
diamagnetic phase of trithiatriazapentalenyl.17 It seems to be difficult to directly compare the 
magneto-structural relationships because of the presence of contacts in layer directions and the 
large van der Waals radius of sulfur atoms. Nevertheless, it is concluded that BPDO belongs to 
a class of the shortest interplanar separation and strongest exchange coupling. 
 
a) 
 
 
 
b) 
 
 
Scheme 9.4. Canonical structures of dimerized nitroxides. 
 
 The O1•••O2 and N1•••N2 distances are shorter than the sum of the van der Waals radii by 
21 and 17%. These proximities are comparable with those found in the diamagnetic phase of 
m-phenylene-bridged bisnitroxides.18 In that case the dipolar interaction is operative, and the 
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head-to-tail dimerization takes place19 (Scheme 9.4a). On the other hand, the dimerization 
occurs in a head-to-head manner for BPDO (Scheme 9.4b). In this context, the present study 
provides a rare example where the strong antiferromagnetic coupling originates in a 
peroxide-like bonding character. It is well-known that thionitroxides (>N-S•) have strong 
tendency of dimerization giving disulfides (>N-S-S-N<),20 but the thermodynamical 
considerations suggest that the formation of a peroxide bond from two nitroxides is endothermic 
by 120 kJ mol-1.21 The peroxide formation is hardly likely, unless the geometry is arranged to 
force the oxygen atoms to come nearby. 
 There still is a problem on the presence or absence of a -bond22 at O1•••O2 and/or 
N1•••N2. The X-ray crystallographic analysis corresponds to the time-averaged structure, and 
the nitroxide groups never showed the pyramidalization (Figure 9.1d). On the other hand, the 
head-to-tail dimerization (Scheme 9.4a) gives rise to the severe pyramidalization at the nitrogen 
atoms.18 Consequently, the formation of a -dimer is deniable for BPDO at present; however, 
detailed investigation requires a theoretical approach.   
9.3. Conclusion 
BPDO was practically diamagnetic, though the crystal structure analysis indicates the presence 
of two nitroxide groups in a molecule. The DFT calculation study supports the notably strong 
antiferromagnetic coupling through the interplanar O1•••O2 and N1•••N2 short distances. The 
present dimerization motif may be realized only in the specific geometry against the dipolar 
interaction.  
9.4. Experimental Section 
Synthesis of bis{(5,6-dihydro-6-methylphenanthridin-5-oxyl-6-yl)}methane (BPDO). To a 
suspension of 6-cyanophenanthridine N-oxide2 (0.4211 g, 1.91 mmol) in dry THF (50 mL) was 
added dropwise methylmagnesium bromide (0.91 mol L-1 in THF; 7.4 mL, 8.1 mmol) at room 
temperature. The mixture was stirred at room temperature for 3 h. The reaction mixture was 
quenched by aqueous NH4Cl solution. After the aqueous layer was extracted with CH2Cl2, the 
combined organic layer was dried over anhydrous MgSO4, filtered, and concentrated under 
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reduced pressure. Recrystallization from CH2Cl2 and n-hexane in a refrigerator gave a dark-red 
block polycrystalline precipitate, which was collected on a filter, washed by n-hexane, and 
air-dried (28.1 mg, 0.065 mmol). The yield was 6.8% (Mp. 181-182 ºC). Anal. Calcd.: C,80.53; 
H,5.59; N, 6.48% for C29H24N2O2. Found: C, 80.85; H, 5.48; N, 6.58%. MS (ESI+) m/z 455.21 
(M + Na)+, 887.45 (2M + Na)+. IR (neat, ATR) 3061, 2987, 2985, 1479, 1327, 740, 711 cm-1.  
Single crystal X-ray diffraction. A general procedure is applied to BPDO (Experimental 
section in Chapter 2). Selected crystallographic data and geometrical parameters are listed in 
Table 9.1. CCDC number 1510287. 
Magnetic measurements. For the details, see Experimental section in Chapter 2.  
ESR spectroscopy. For details of the ESR measurements of BPDO, refer to Experimental 
section in Chapter 2. The simulated spectrum was calculated in the EasySpin program 
package.23 
DFT calculation. DFT calculations were performed on the Gaussian03 program.11 The energies 
of the triplet and broken-symmetry singlet12 states were calculated at the 
UB3LYP/6-311+G(2d,p) level. The convergence criterion for the energy was set at 10-7 a.u. The 
structural parameters were given from the crystallographic data.  
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Chapter 10 
Concluding Remarks 
In the thesis, exchange couplings between Ln and radical spins have been described as the main 
subject. The control of exchange coupling in Ln (4f ion) compounds seems to be difficult, 
because the unpaired electrons are present in the inner-shell 4f orbitals. In order to understand 
and control the exchange coupling, novel 4f-2p heterospin compounds, which are mononuclear 
4f compounds with an organic radical, were prepared and characterized. The synthetic schemes 
were rationally designed, and thus the mutual geometry among the paramagnetic centers can be 
constructed also highly rationally.  
 In Chapters 3 and 6, antiferro- and ferromagnetically coupled Ln-radical compounds were 
obtained in the 4f-2p compounds and the molecular structure is described with a torsion angle 
between the Ln and radical groups, which turned out to be a very useful metric in the study. The 
magnitude of the exchange coupling can be quantitatively estimated according to the 
magneto-structural relationship. Actually, the most significant result is that Gd-6bpyNO and 
Gd-phNO prepared in this work are the record holders of the strongest ferro- and 
antiferromagnetic Gd-nitroxide exchange couplings (2J/kB = +18.0(4) and –17.4 K, 
respectively). In the future, the mechanism of exchange coupling will be explained from a 
theoretical approach. The present empirical relation will afford a reliable guiding principle to 
predict and further design exchange coupling in Ln-radical heterospin systems.  
 The reliable quantitative analysis is essentially important in order to comprehend the 
Ln-radical exchange coupling. In Chapter 4, it is successful to estimate the exchange coupling 
constant between Ln and radical spins in a non-conventional manner; namely, by using a facility 
of a very high magnetic field of a 65-T class. Materials science research should be engaged in 
interdisciplinary approach of chemistry and physics. In this context, it can be regarded as a 
fruitful collaboration work with the Institute for Solid State Physics (ISSP), The University of 
Tokyo and the Institute for Materials Research (IMR), Tohoku University.    
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 Furthermore, the qualitative analysis of intramolecular coupling was succeeded by means 
of the empirical (mT) method after the corresponding carbonyl compound was proposed as a 
2p-spin-masked reference in Chapters 5 and 8. Although the quantitative analysis by means of a 
magnetization jump and (mT) method is historically well-known, these studies in Chapter 4, 5, 
and 8 have shown that such approach is easy and reliable for 4f-2p heterospin compounds. 
Thanks to the strong affinity of Ln3+ ions to oxygen atoms, ketone compounds as well as 
nitroxide compounds can easily ligate to Ln3+ ions, regardless of the steric hindrance of bulky 
groups such as tert-butyl and phenyl. This finding will be helpful in exploring various Ln-based 
functional materials such as light emitters with the antenna effect from carbonyl chromophores.   
 In relation to the SMM properties, the introduction of strong exchange coupling leads to 
the novel molecular design for SMMs. Through Chapters 5, 7, and 8, the Tb analogues to the 
Gd-radical compounds having strong exchange coupling behaved as a SMM. In Chapters 5 and 
8, the SMM properties for Tb-nitroxide compounds have been investigated in the comparison 
with the Tb-ketone compounds as a reference compound with the 2p-spin masked. The 
Tb-nitroxide compounds show better SMM properties than these of the Tb-ketone compounds. 
Furthermore, in Chapter 7, the Tb analogue to Gd-phNO was compared to the Dy analogue 
instead of a Tb-ketone compound. Tb-6bpyNO, -2pyNO, and -phNO showed the SMM 
behavior, and in contrast Dy-6bpyNO, -2pyNO, and -phNO did not. It is proposed that the 
spin-parity effect on the total molecular spin state based on the Kramers theorem is applicable 
for the molecular design of SMMs as shown the results in Chapters 5, 7, and 8.  
 In Chapter 9, the novel compound (BPDO) was prepared unexpectedly, and it should be 
noted that the present dimerization motif of BPDO is very rare. According to the structure 
analysis, the intramolecular radical-radical through-space interaction is considerably strong. 
This structure and magnetic properties have attracted interest in the investigation of spin 
chemistry and structural organic chemistry.  
 Development of new organic radical species and their application to coordination 
chemistry will still be challenging. As clarified above (Chapters 3 and 6), the steric effect from 
the nitroxide substituents is crucial for ferro- and antiferromagnetic coupling in the Gd-nitroxide 
family. The effect of the aromatic substituents is drastic, but that of the tert-alkyl groups has 
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been untouched. Ring systems have a smaller steric effect than open chain substituents. 
Accordingly, DMPO1 and related compounds (Scheme 10.1a) are possible next targets suitable 
for the further study (Chapter 9), because it may have a less steric hindrance than phNO. 
9,10-Dihydroacridin-10-oxyl and its derivatives (DRAO; Scheme 10.1b)2 may also be good 
target ligands. It has already been clarified that ketones and nitroxides have a similar 
coordination ability (Chapter 8). The Ln-BP complexes have been well developed, but no 
diphenyl nitroxide (DPNO; Scheme 10.1c) complex is known so far. Unsubstituted DPNO is 
hardly isolabe,3 but I have found that introduction of a bulky substituent on a phenyl ring much 
facilitates isolation (Chapter 6).    
 
a) 
 
 
 
 
b) c) 
 
 
 
 
Scheme 10.1. Structural formulas of (a) DMPO and related compounds, (b) DRAO, and (c) 
DPNO. 
 
 In this thesis, several zero-dimensional 4f-2p compounds have been prepared and 
characterized structurally and magnetically. The 4f-2p heterospin compounds can form various 
arrangements from zero- to three-dimensions by the structural diversity of an organic radical 
compound and the large coordination number of a Ln3+ ion (generally, coordination numbers are 
8-12).  
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 The Ln-nitronyl nitroxide compounds almost showed one-dimensional structures, where 
the nitronyl nitroxide compounds behaved as a bridging ligand by two NO groups. We can 
introduce multiple ligating sites to the organic radicals like NN compounds. In the thesis, I have 
dealt mainly monoradical compounds, but in organic radical compounds, there are various 
biradical, triradical, and polyradical species. These radical species can behave as a bridging 
ligand and at the same time, the ground high-spin stats may be needed in the organic portion 
owing to an appropriate molecular design. For instance, there are 
1,3-bis(tert-butylaminophenyl)benzene-N,N’-dioxyl (1; X = CH; Scheme 10.2a) and 
1,3,5-tris(tert-butylaminophenyl)benzene-N,N’,N”-trioxyl (2; X = CH; Scheme 10.2b).4 Their 
pyridyl derivatives (X = N) are also possible, and the Ln-nitroxide exchange interaction would 
be controlled. These radical compounds are expected to show the ground triplet and quartet state, 
respectively, owing to the spin-polarization effect5 and symmetry of molecular structures.    
 When 1 and 2 are used as a ligand, the Ln-radical compounds can form one- and 
two-dimensional arrangements, respectively. Resultant bulk samples have several kinds of 
exchange coupling, and it may be very difficult to analyze the exchange couplings. However, 
according to the magneto-structural relationship proposed in my study, we can analyze 
exchange coupling from the molecular structure.  
 
 
 
 
 
 
Scheme 10.2. Structural formulas of 1 and 2. 
 
 Finally, the study of the exchange coupling in this thesis can contribute to research and 
molecular design for the development of molecule-based magnets using lanthanoid ions and 
organic radicals. I hope that this study will help to make a great progress in molecular magnetic 
materials science and technology.  
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